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Preliminary. 

§ I. In 1895 the Kew Observatory Committee decided, in the words of 
their annual Eeport, "to instal platinum thermometers at Kew, and to 
institute an independent series of experiments into their behaviour."' 
The Eeport adds, "Attention will, in the first instance, be directed 
more especially to the question of the fixity of the zero and of the funda- 
mental interval." 

In pursuance of this policy the Committee built a special room, 
furnished with a fume closet, and purchased from the Cambridge 
Scientific Instrument Company six platinum thermometers and a 
Callendar-Griffiths resistance bridge, which was regarded at the time 
as embodying all the latest improvements. 

In the choice of apparatus and the construction of the room, the 
Committee had the advantage of the advice of Mr. E. H. Griffiths ; 
while Mr. C. T. Heycock and Mr. F. H. Neville, as well as Mr. Griffiths, 
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kindly visited the Observatory, and illustrated the methods of using 
the apparatus. 

An account of the original installation was given by Mr, Griffiths in 
* Nature,' Nov. 14, 1895, pp. 39-46. As this paper and several more 
recent papers by Professor Callendar and others have discussed the 
fundamental facts of platinum thermometry very fully, I have judged 
it unnecessary to go into such details here. 



Thermometers. 

§ 2. The six original thermometers, distinguished as Ki to Kg, were 
all made from one sample of platinum wire. In 1896 a seventh 
thermometer, K7, was obtained from the Instrument Company. It is 
believed to be of the same sample of platinum wire as the others, but 
this is not absolutely certain. Particulars as to the type of the 
thermometers are given in the following table:— 



Table I. 
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The resistance at 0° C. of K 6 is about 6-5 ohms, while the resistance 
of each of the other thermometers at 0° 0. is about 2*6 ohms. 

Since it came to Kew, K has been exposed to no temperature above 
the steam point; whilst K 3 , K 4 , K 5? and K? have not been taken above 
the sulphur point (444° *5 3 C. according to Callendar and Griffiths, 
under normal pressure). In their early days, Ki and K 2 were heated 
on several occasions to the temperature of melting silver (approx. 
960° C). 

After a few months' use, K x began to behave unsatisfactorily. The 
Instrument Company reported after inspection that the tube was 
slightly short, and a new tube was fitted in March, 1896. The career 
of K 2 has been chequered, The first tube broke in melting silver in 
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March, 1896 ; the second tube was found to be broken in August, 
1896, after a silver point experiment. After repair the thermometer 
behaved badly, and had to be sent to Cambridge. A third tube 
cracked in molten silver in December, 1896. The fourth tube lasted 
until the end of 1898, when it was broken at Sevres. On more than 
one occasion the thermometer had practically to be remade, so that 
the observations taken with K.2 at different stages of its existence are 
not comparable. The spiral at present in K 2 is believed, however, to 
be of the same sample of platinum as the original one. 

The other five thermometers are not known to have had any mis- 
adventures. 

The thermometers K 2 and K5 were taken by Dr. Harker to Sevres 
in July, 1897, and did not return to Kew until the end of 1898. No 
use was made of K 5 at Sevres, but some observations were made with 
K-2 up to a temperature of about 600° C. 

§ 3. In an ordinary platinum thermometer, it is possible for the air 
inside the tube to become unduly moist, with consequent deterioration 
of the insulation. In a glass tube the presence of moisture may be 
detected by the cloudy appearance when the thermometer is cooled in 
ice ; in the case of a porcelain tube the only guide is the behaviour of 
the galvanometer. If there is no sensible creep in the galvanometer, 
it is probably best to leave the thermometer alone, even if slight 
cloudiness is visible. There is some risk of altering the apparent zero 
of the thermometer in removing it from the tube, and replacing it 
after the tube has been dried out. On the rare occasions when a tube 
has been dried out, check observations have been taken before and 
after the process. The room in which the platinum thermometers are 
kept is heated night and day when necessary by a gas stove, whose 
combustion products escape by a flue opening outside. As the room 
is naturally a dry one, the risk of moisture has thus been small. 

Resistance Box. 

§ 4, The box as it originally existed in 1895 had a plug system 
similar to that of the ordinary Post Office pattern. The plug holders 
were of brass. Towards the end of 1896 it was found that pulling 
out a plug influenced the tightness of its neighbours. Early in 1897 
the Committee arranged with the authorities of the International 
Bureau of Weights and Measures that Dr. J. A. Harker should 
proceed to Sevres, and take part in a comparison of platinum and gas 
thermometers. At first it was proposed to take the existing Kew box 
to Sevres ; but, on hearing of the difficulties experienced with it, the 
Committee decided that Dr. Harker should examine into their reality 
before a decision was come to. Finding that with an ordinary 
standard of plug tightness sufficiently consistent results were not 
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attainable, Dr. Harker tried the effect of greater tightness This, 
however, made matters rapidly worse, and it shortfy became obvious 
that the box in its existing condition was of no further use ; it was 
accordingly sent for repair to Cambridge. 

Having high hopes of a new system of plug holders — fusible metal 
inside Doulton ware — the Instrument Company introduced this, at their 
own expense. The plug holders in the restored box are supported 
separately, and the pulling out of a plug has never shown any ten- 
dency to influence others. This is undoubtedly a great improvement ; 
but I am somewhat doubtful of the expediency of the other changes 
made when restoring the box. 

After some time it was found that taking out and replacing a plug 
sometimes exerted a very sensible influence on the reading, and from 
the appearance of the plugs it was suspected that this arose partly 
from the state of the plug holes. The fusible metal seems disposed to 
develop a coating of light-coloured powder, and presumably this 
affects the plug resistances. On being applied to, the Instrument 
Company supplied a simple arrangement for cleaning out the plug 
holes without undue friction, and it has certainly improved matters. 

The accompanying sketch, fig. 1, shows diagrammatically a vertical 
section of the original box, perpendicular to its longest dimension. 
C represents the coil chamber, AAA a copper tank containing water. 
This tank could be heated from below by a gas burner, the flow of gas 
being determined by a gas regulator, whose mercury bulb was sur- 
rounded by the water inside A. The coils hung in air, and their 
temperature was deduced by means of a mercury thermometer whose 
bulb was inside C. 

When altering the plug system, the Instrument Company altered 
the shape of the water tank and the form of the coil chamber. Fig. 2 
gives a section of the existing form taken in the same way as fig. 1, 
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"Fig. 1. 



Fig. 2. 



the letters having the same significance. The changes were presumably 
dictated by the altered nature of the plug arrangements. I am dis- 
posed to think that the coil chamber in the existing form is not so well 
protected from external influences as in the earlier form, and I believe 
that in accepting the readings of the mercury thermometer, as giving 
the temperature of the coils, there is more risk of error now than 
formerly. 
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Resistance Coils. 
§ 5. The coil resistances are on the binary scale, 

H = G/2 = F/4 = E/8 = D/16 - C/32 - B/64 - A/128 = Aa/256, 

with two extra coils, " Cal " and FI — or I, as it will be called here — 
the former used merely in calibrating the bridge wire. The nominal 
value of H is 5 box units. The unit is very approximately 0*01 of an 
ohm, so that the fundamental intervals of all the thermometers except Kg 
are nearly 100 box units. This has the advantage that when the read- 
ing E in ice is subtracted from the observed reading, one has approxi- 
mately the temperature in degrees Centigrade on the platinum scale. 

The coil I is approximately 100 box units, and practically all the 
fundamental interval determinations, except with K 6 , have been 
referred to it. 

The coil Aa was added along with the coil Gal in 1897, when the box 
was altered. It has not been used in any of the work now to be 
described, and the mean box unit has been based throughout on the 
eight coils H to A. The coils are of platinum silver. 

The bridge wire is fully 30 cm. long, readings to the right of the 
centre representing a temperature above, and readings to the left a 
temperature below that answering to the sum of the coils whose plugs 
are out. The bridge wire is also of platinum silver, and possesses the 
same temperature coefficient as the coils. 

The bridge- wire scale is divided to 1 mm., and the vernier reads 
directly to 0*02 mm., and allows 0*01 mm. to be estimated. A differ- 
ence of 1 cm. on the bridge-wire reading answers very nearly to 1 box 
unit, or to a difference of 1° in temperature with all the thermometers 
except K 6 . Thus, in referring to differences of bridge-wire readings I 
shall usually, for brevity, speak of them as differences of temperature. 

Nature of the Observations. 

§ 6. The expediency of using the same coil combinations for all the 
thermometers except Kg was soon recognised. Also a point has been 
made of using two combinations for each temperature, according to the 
following scheme : — 

Thermometers. In ice. In steam. In sulphur vapour. 

K K K K V K J CDF fCDFI J AE 

i, ^ iv 35 a* ^5, JVr, | CDGH | cdgHI I AFGH 

K r AG T ACDF 

6 L AH I ACDGH 

By using the same coil combinations for different thermometers 
we may at least hope to detect any sensible relative changes, whilst 
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by using two coil combinations we get a better idea of the order of 
accuracy of the observations, and have some check on the constancy 
of the smaller coil resistances. 

As a rule, each fixed point determination depended on at least 
three observations. Thus, in ice we might have a balance against 
CDF, next against CDGH, and finally against CDF again. By com- 
paring the readings in the first and third observations one can make 
reasonably sure that j the [thermometer has reached the true tempera- 
ture. This is a very necessary precaution, especially in sulphur point 
observations. 

When only three observations were taken, only half weight was 
allowed to the first and last, so as to give equal weight to the two 
combinations of coils. 

It was originally intended to take a complete set of " fixed point ,f 
observations, ice, steam, and sulphur points, with each thermometer 
once a month. The regular observations have been in reality less 
frequent than was intended, and the intervals between them more 
irregular. In addition to the regular observations there have been a 
variety of special occasions on which ice and steam point determina- 
tions have been made, more especially with K7. This thermometer 
has been used in comparing occasional high-range mercury thermo- 
meters, 

Sources of Change or Error, 

§ 7. Before considering the main question, I propose discussing a 
number of possible sources of change in the readings obtained with 
platinum thermometers. An error of invariable amount from a source 
external to the thermometer is perhaps not immediately germane to 
this inquiry, but the invariability of error is a very difficult thing to 
ensure. 

Excluding observational error or defects, such as moisture in the 
tube, which an experienced observer is likely to detect, I would chronicle 
the following sources of trouble : — 

1. Change in the resistance of the platinum spiral ; 

2. Change in the thick platinum wires connecting the spiral to the 

thermometer terminals, or in the compensating loop inside the 
tube ; 

3. Change in the relative resistance of the leads, or in the relative 

resistance of the proportional arms of the box ; 

4. Change in the box coils or in the bridge wire ; 

5. Faulty action of the contact piece ; 

6. Shift of the bridge centre ; 

7. Thermo-electric currents ; 

8. Heating due to the battery current ; 
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9. Error in the temperature coefficient of the coils, or differences 

between the temperature coefficients of different coils ; 

10. Change of zero or other error in the mercury thermometer inside 

the coil chamber • 

11. Failure of the box mercury thermometer to give the true tem- 

perature of the coils and bridge wire ; 

12. Insufficient immersion of the thermometer; 

13. Slowness of platinum thermometers in acquiring the true tem- 

perature. 

There are other possible sources of error affecting only certain " fixed 
point " observations, and mostly not peculiar to platinum thermometry, 
for instance : — 

14. Impurity in the ice used in getting B , or variability in the 

method of treating it ; 

15. Error in the barometer, whether constant or varying, or error in 

the reduction of its readings ; 

16. Impurity in the sulphur used, and other uncertainties in the 

determinations of the boiling point of sulphur ; 

17. Error in the formula assumed for the variation of the boiling 

point of sulphur with pressure. 

I have seen no adequate consideration of these sources of error 
in any treatment of platinum thermometry, and in the original 
equipment obtained for Kew Observatory no provision was made for 
the detection of most of them ; thus our experience may be useful to 
others. Without at least a general idea of their nature, the reader 
would be unable to judge correctly of the degree of probability attend- 
ing the conclusions reached, or even of the nature of the evidence on 
which these conclusions are based. 

§ 8. I propose deferring until the end the discussion of the evidence 
bearing on the first two items ; only calling attention in the meantime 
to the fact that without taking a platinum thermometer to pieces it 
would be very difficult, if not impossible, to distinguish between 
changes in the resistance of the spiral and changes in the resistance of 
the thick platinum wires connecting the spiral to the terminals. The 
un alter ability of a platinum thermometer cannot be proved by experi- 
ments on an isolated platinum spiral. The connecting platinum wires 
inside the tube are by no means of negligible resistance. They ought 
to be very approximately equal in resistance to the compensator loops 
intended to neutralise their variation with temperature. The resist- 
ance of the compensator loops has been measured by Dr. Harker with 
the following approximate results. The data answer to a temperature 
of about 15° C. 
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Table II.- — Resistance of Compensator Loops. 

Thermometer Ki K 2 K 3 K 4 K 5 Kg K7 

Resistance (in ohms) 0*20 0'22 0-15 0-15 0'21 0*20 0*22 

We may thus infer that the average resistance of the connecting wires 
is some 7 per cent, of that of the spiral in one of the ordinary thermo- 
meters. Thus a small differential change between these wires and the 
compensator loop might appreciably affect the thermometer readings. 

The Cambridge Instrument Company inform me that the connecting 
wires and the compensator loop — which are of the same thickness of 
wire — are of the same platinum as the spiral and have the same 
temperature coefficient. If this were not the case a small difference 
between the absolute resistances of the connecting wires and the com- 
pensator would introduce a source of error fluctuating with the 
temperature of the wires and compensator. 

It would, I think, be desirable to make sure that the process of 
attaching the thick wires to the fine spiral causes no change in the 
material close to the junction. 

Changes in the Leach or in the Proportional Arms. 

§ 9. In the leads supplied to Kew Observatory one pair has the 
terminals at both ends marked P, the other pair has its terminals 
marked C. This is intended to show that the former pair should be 
attached to the terminals marked P on the thermometer head and to 
the plugs P in the box, and that the other pair should be attached to 
the C terminals on the thermometer head and the plugs marked C in 
the box. Supposing this arrangement invariably adhered to, any 
constant difference between the resistances of the leads should not 
appreciably influence the apparent resistance of a platinum ther- 
mometer. Supposing, however, that a difference between the resist- 
ances of the leads develops itself, then if the leads are used in the 
way indicated above, the effect on the readings is the same as if the 
platinum thermometer itself changed. 

Loosening and tightening the leads had been found early in the 
investigations to be a possible cause of slight variations in the reading 
— owing presumably to the varying tightness — and it may allow the 
terminals to blacken during the sulphur point experiments. It was 
thus at first thought undesirable to touch the lead connections once 
the thermometer was attached, especially as it was supposed that if 
error were at all likely to arise in so obvious a way, provision would 
have been made for detecting and eliminating it. Thus the matter 
did not receive consideration until 1897, when the erratic nature of 
some of the results drew attention to the fact that the leads were 
becoming worn near the ends. 
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They were repaired by the Instrument Company, and on their 
return in September, 1897, a large discontinuity was observed in the 
values of E in the platinum thermometers. I then found that inter- 
changing the leads caused a difference of fully 1° in the reading. This 
seeming unsatisfactory, the leads were readjusted by the Instrument 
Company, and we assured ourselves of their approximate equality, 
without, however, attempting to measure the exact difference. As 
the leads remained satisfactory to the eye, no more attention was 
given to the matter until the autumn of 1898, when a conspicuous 
drift appeared in the values of E . Experiment then showed that the 
difference between the leads was liable to large fluctuations ; accord- 
ingly new leads were got from the Instrument Company in December, 
1898. These had been adjusted with great care, and on their arrival 
at Kew they were found to be very nearly though not exactly equal. 

Table III gives a brief synopsis of our experience with the leads. 
The quantity tabulated is the excess of the box reading obtained — the 
thermometer being in ice, steam, or sulphur vapour — when the CC 
leads were connected to the thermometer over the reading when the 
PP leads were so connected. 



Table III. —Effect of Interchanging Leads. 



; Date. 


Number 

of 
experi- 
ments. 

1 

6 
8 
6 
1 
4 

4 

2 
1 

7 
8 


Thermometers 
used. 


Observed differences. 


greatest. 


least. 


mean. 


; 1897. 

[Leads adjusted.] 
1898. 

vJOl/» iu .............. 

Oct. 1 9, 20. ........... 

Nov. 7, 8, 9, 10, 11 .... 

AS O V » *t) ..«.*.....»r«. 

Nov. 28, 29, Dec. 8 

- [New leads.] 

1899. 

Jan. 24, 25 , 

May 10, 17 

tl UUe U f a. ««■«••»,..., 

July 7, 10 ..,.».»,.,,, 
Sept. 14,15,18, 19,20.. 


T*7* TTT" -rrr- 

JLv-j ivg Jxy 

iV. J ixgJUh.4 l-V-g 

J.V j iv. g Jx.4 JKLy 

K 7 

__ __ __ 

"TZ* TZ" T 7 " T^ 
JX j iVg i\.g Jfckjr 

JL3L- "I JL\« A 

i\.g 

Jxj jXk 

iv.llv.3 1X4,1X5 .tV.giv.jr 


0°-432 
-473 
0*550 

0-376 

0-026 

0-033 
0-026 

-062 
0*044 


0-391 

0-438 
0*494 

0-366 

0-018 

0*011 
0"013 

0-045 
0-028 


1*029 

-414 
0-453 
0-517 
0-257 
0-372 

0*023 

0-020 
0-020 
0-032 
0*054 
0*036 



Each experiment consisted of at least two readings with each 
arrangement of the leads. 

The resistance of one pair of the new leads was recently found 

hy Dr. Harker to be approximately 0'07 ohm at atmospheric tern- 
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perature, i.e., about 7 per cent, of the fundamental interval of one of 
the ordinary thermometers. Thus a change of one-thousandth part in 
the resistance of one of the leads would answer to an alteration of 
about 0*014 in the quantity tabulated in Table III, or to an apparent 
shift of o, 007 in the zero of an ordinary thermometer. 

There are various suggestive features in the table. Between 
October 18 and November 11, 1898, the difference between two leads, 
immaculate to the eye, altered steadily in one direction by an amount 
equivalent to a change of 0°*05 in the zero of a platinum thermometer. 
Then, without apparent cause, there occurred a sudden alteration in 
the opposite direction, equivalent to a change of 0°T2 in the zero. 
After this very erratic behaviour the leads seem to have remained 
practically constant for ten days. 

Next we come to absolutely new leads of the best construction. No 
one, I think, can question the reality of the differences between the 
results of December, 1898, July, 1899, and September, 1899. But with 
the occurrence of differences of the size shown during 1899, we must 
anticipate errors of the order of at least 0°*01 or o, 02 in the absolute 
readings, unless adequate provision is made for eliminating this source 
of uncertainty. 

Changes in the leads have unquestionably been the principal cause 
of the apparent changes in the zeros of the platinum thermometers 
during the investigation. These changes have added considerably to 
the difficulty of working up the results. 

The difference between the proportional arms was recently found 
by Dr. Harker to be less than 1/6000 of either resistance. Doubtless 
the resistances were originally made as nearly equal as possible, so that 
there is a strong presumption that if any differential change has 
occurred it has been small. There is, however, unfortunately no direct 
evidence bearing on this point. 

§ 10. It is only proper to remark that from some points of view 
slow, regular changes in the relative resistances either of the leads or of 
the proportional arms are not of primary importance. Such changes, 
at least when small, are equivalent, the one to the addition of a con- 
stant quantity to the observed resistances, the other to the multiplica- 
tion by a constant factor, so long as the measurements dealt with 
cover only a short time during which no sensible variation occurs. 
Supposing sufficiently numerous observations made of the resistances 
E and Ei in ice and steam, it is clear that the platinum temperature 
ft, given by 

pt= 100(R-Ro)/(Ri-Ko), 

would remain practically unaffected. 

But, on the other hand, the necessity of frequent zero point obser- 
vations is one of the drawbacks most frequently dwelt upon in the case 
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of mercury thermometers, and it is only fair to recognise that they do 
not in this respect necessarily suffer by comparison with platinum 
thermometers. 

Coil Changes. 

§ 11. The box was originally calibrated at Cambridge by Mr. E. H. 
Griffiths, who referred everything to a mean box unit based on the 
^ight coils H to A. Since the box came to Kew Observatory it has 
been thrice calibrated, with the aid of a convenient apparatus designed 
by Dr. "Barker. The observations were made on the first of these 
occasions by Dr. Harker ; on the other two occasions mainly by 
Mr. W. Hugo, Senior Assistant at the Observatory. I took a certain 
number of check observations during the two last calibrations, and 
made all the calculations necessary to construct the correction tables 
based on these and on Dr. Harker's calibration. In doing so, I 
followed Mr. Griffiths' procedure, except in some minor details. 

The results of the four calibrations were as follows : — 



Table IV. — Coil Values in Terms of Mean Box Unit. 



Coil. 


Nominal 


Calibration I 


IT 


III 


IV 

(Mar.-Apr., 
1899). 


value. 


(Sept. 1895). 


(May, 1897). 


(July, 1897). 


A 


640 


639 '941 


639 -973 


639 -980 


639-975 


B 


320 


320*169 


320 -093 


320 -090 


320 -090 


C 


160 


160 -062 


160 -023 


160 -025 


160 -028 


D 


80 


80-010 


80 -001 


79 '991 


79-991 


E 


40 


39 -968 


40 -037 


40 -028 


40 -023 


P 


20 


19 -963 


20 -111 


20 -115 


20-115 


G- 


10 


9-945 


9-760 


9-766 


9-774 


H 


5 


4-942 


5-002 


5-005 


5 -004 


I 

Mean 1 cr 


100 


99 -957 


99 -989 


99 -975 


99 '426 


a. "bridge wire 


0*995 


0-993 


0-994 


0-995 



The considerable differences between the results of Calibrations I and 
II are probably mainly due to changes attending the reorganisation of 
the box in the spring of 1897. Coil I broke at one end, and had to be 
resoldered just before the last calibration. 

It is improbable that the algebraic sum of the resistances of the eight 
coils H to A was unaffected by the box changes in 1897, and thus the 
mean box units in Calibrations I and II were almost certainly slightly 
different. The data obtained with the thermometers, as will be seen 
later, suggest a slight increase at this time in the mean box unit ; and 
this is, at least, consistent with the apparent change in the bridge-wire 
resistance. 
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We should rather expect the resistance of the bridge wire to increase,, 
especially near its centre, through constant rubbing by the contact 
piece, and the figures obtained in Calibrations III and IV somewhat 
favour this view. Too much significance ought not, however, to be 
attached to the small differences apparent. 

Some of the differences in the coil values in Calibrations II, III, and 
IV may be experimental errors ; but the changes shown in the case of y 
at least, E and G are, I think, too large to be accounted for in this way. 

§ 12. Perhaps the clearest evidence of the reality of coil variations is 
that afforded by an examination of the thermometric results obtained 
with the different coil combinations. It would occupy too much space 
to go into details, so I merely record in Table V the mean differences 
between the values of Ro> l^b and R g (resistance in sulphur vapour) 
obtained with the two coil combinations used during different specified 
epochs. The unit in the table is 0*01 mm. of bridge wire, answering 
approximately to o, 001 C. with the ordinary thermometers. 

In the final means equal weight is allowed to each observation, so 
that some thermometers exert more influence than others. 

During some of the epochs — especially 1895 and the first part of 
1899 — the data with any one thermometer were very scanty. Again, 
it must be remembered that the part of the bridge wire at which readings 
are taken differs according to the thermometer used, and also varies for 
any one thermometer according to the temperature of the coils, the 
position of the bridge centre, and the difference between the leads. It 
is also different in the ice, steam, and sulphur point observations, 
fluctuating considerably in the latter two cases with the barometric 
pressure. Thus the fluctuations in the table amongst the results for a 
common epoch are due to many causes. 

§ 13. It is, I think, most instructive to start with Calibration III 
made in July, 1897. During the rest of that year the results from the 
two coil combinations show almost perfect agreement; in 1898 the 
results drift apart, and the drift is accentuated in 1899 prior to Cali- 
bration IV. Again, for some months after that calibration there is an 
excellent agreement, though a tendency to drift soon manifests itself. 

Calibration II seems less successful, but it was made by an observer 
different from the one who took the readings on which the results in 
Table V are based. A different standard of plug tightness does not 
influence all plugs alike, and in my experience the personal equation in 
this matter requires to be reckoned with. 

The data from March 12 to 19, 1897, were so outstanding that they 
are given separately. The exposed parts of the box had, I believe, 
been cleaned shortly before, and conceivably one of the coil supports 
may have got a knock. There was, however, no suspicion of this at 
the time. This fact emphasises the necessity of a constant outlook for 
possible changes. 
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A complete calibration is a laborious process, and its frequent repeti- 
tion would add seriously to the work entailed by platinum thermo- 
metry. If, however, the results in Table V are normal, it would appear 
that frequent calibrations can hardly be avoided in the case of physical 
work of the highest accuracy. 

Faulty Action of the Contact Piece. 

§ 14. Parallel to the real bridge wire in the Kew resistance box runs 
an exactly similar wire connected to the galvanometer, and the contact 
piece works by pushing down a short cross wire so as to span the 
interval between the wires. In January, 1898, it was noticed that 
mere moving and resetting the contact piece might alter the reading, 
and I found that the pressure to which the cross wire was exposed 
when contact was made — always acting on the same part of its surface 
— had cut a groove in it. The Instrument Company put this to rights, 
but the phenomenon had repeated itself by January, 1899, though to a 
smaller extent. On that occasion the Instrument Company made an 
alteration which, it is hoped, will prevent the recurrence of this trouble. 
It is difficult to keep the two parallel wires equally tight and exactly at 
the same horizontal level ; thus the cross wire may bear unduly heavily 
•on one wire before it makes good contact with the other. This defect 
would be of little consequence in an open scale bridge wire ; but in the 
Kew box it produced, when at its worst, uncertainties of the order 
! 0°*04, or even 0°*05, in individual readings. Of course this merely 
tended to introduce irregularity in the readings, and supposing a 
number of observations taken, could hardly simulate a change in a 
thermometer. 

Shift of the Bridge Centre, 

§ 15. By the bridge centre I mean the vernier reading when a balance 
is made with all the plugs in their holes, the platinum thermometer and 
•compensator resistances being cut out by short-circuiting straps. 

The original departure 0*006 in this centre from zero on the scale 
was given as a fixed correction in the first calibration table, and as no 

o 

provision existed for determining the centre, I did not for some time 
properly appreciate the situation. My attention was first roused by a 
sudden apparent discontinuity in the values of E in the spring of 1897., 
for which the only apparent cause was a cleaning up of the box. The 
Instrument Company then supplied two short-circuiting straps, to be put 
across the CO and PP box terminals, and since then determinations of 
the centre have been made at the beginning of each observation clay, 
and usually at intervals throughout it. 

Soon it became apparent that during a day's observations the 
bridge centre is apt to drift towards the minus side of the scale ; the 
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same side as it goes to when the pings are dirty and have an increased 
resistance. The amonnt of the drift is very variable. One day it may 
be negligible, while the next day it maybe as much as 0°*04; it is 
occasionally more than this. The phenomenon is probably partly due 
to the fact that frequent pulling out and putting in of the plugs seems 
inclined to produce the grey powder already referred to. It may also 
arise from the observer's standard of plug tightness falling off as he 
becomes tired, or from asymmetric heating of the box through the 
proximity of the observer's person to the minus side of the scale. There 
are probably various influences at work, some of which may be peculiar 
to the particular box. 

One cannot be perpetually taking bridge centres, so that even the 
more recent observations are exposed to some uncertainty from this 
source. 

The practice of regularly taking bridge centres was not introduced 
until 1897, and it is of course possible that there was little or no 
occasion for it in the original box with brass plug holes. 

Thermo-electric Currents. 

§ 16. The principal seat of thermo-electric currents seems to be the junc- 
tions at the head of the thermometer ; and it is desirable to shield the 
head as much as possible from heated air or vapour. When a Griffiths 
key is used these currents are not necessarily a source of error, but they 
tend to increase the difficulty of taking readings. Originally it was sup- 
posed that the use of a Griffiths key rendered further care unnecessary, 
and no commutator was used until after the restoration of the box in 
1897, As the Instrument Company then transferred certain terminals to 
the key-board, it is possible that the original box suffered but little if at 
all from the source of trouble now to be described. 

When the commutator was introduced the following phenomena were 
observed. When the day's observations began the readings with the 
current d and r (direct and reversed) were usually about the same. 
After a few minutes' observations the difference between the d and r 
readings began to increase, and nearly always in one direction. After 
a little the difference usually assumed a fairly constant value, but con- 
siderable fluctuations might occur, especially if the temperature of the 
room was rendered unsteady. On the advice of Mr. W, N. Shaw the 
thermo-electric key was enclosed in a padded box. This has decidedly 
diminished the evil, but it still appears expedient to take readings with 
the current both ways. Table VI shows the state of matters typical 
before and after the introduction of the protecting box. 

When the thermo-electric effect is not eliminated the error in the 
reading is (d cx» r)/2. 

Supposing d-r to remain constant through the ice, steam, and 

VOL. LXVII, C 
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Table VI. 



Without protecting box. 



Thermometer. 



K 4 . 



Hour. 



h. m. 

11 45 

11 54 

12 12 
12 39 

2 56 

3 30 

3 41 

4 20 



Difference 
r — d. 



0*000 
0-064 
0-094 
0*106 

0-086 
0-105 

0-107 
0-121 



With protecting box. 



Thermometer. 



K 4 . 



Hour. 


h. 


m. 


11 


2 


11 


35 


12 


20 


12 


50 


2 


31 


2 


50 


3 


33 


3 


50 


3 


59 


4 


26 



Difference 
r—d. 



















000 
003 
017 

016 
020 

014 
018 

027 
022 
019 



sulphur point observations with a particular thermometer, the E , Ri, 
and R s would be wrong to the same amount, so that the fundamental 
interval and pt 8 (the value of pt answering to the boiling point of 
sulphur) would be unaffected. In practice, however, we cannot antici- 
pate so favourable a contingency. 

After some experiments, I found that I could at pleasure change the 
amount, and even alter the sign of the r ~ cl difference by heating with 
the finger or cooling by an air-blast one of the terminals of the 
Griffiths key. 

Heating due to the Battery Current 

§ 17. In the Kew apparatus there is an option of two resistances, 
viz., 100 and 20 ohms, in the battery circuit; and our original instruc- 
tions were to use the 100 ohms when observing with an ordinary 
thermometer in ice and steam, and the 20 ohms when observing at the 
sulphur point. The object, doubtless, was to ensure sufficient galvano- 
meter sensitiveness at high temperatures. 

In an early sulphur experiment I was surprised to find that the 
reading was about 0°*07 higher with the 20 ohms in use than with the 
100. There being only a single dry cell in use, I had not anticipated a 
sensible difference. Supposing the cell to remain constant, the heating 
effect would of course remain the same for a given thermometer at any 
one fixed point, and so would not influence the results immediately in 
view. It seemed, however, inexpedient to trust to this, and we have 
accordingly employed the 100 ohm resistance in all the regular observa- 
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tions, merely using the 20 ohms occasionally to furnish data from which 
to calculate the heating effect under the normal conditions. To under- 
stand how this is done we must glance briefly at the theory. 

Let E be the E.M.F., E' the internal resistance of the battery, E the 
rest of the resistance in the battery circuit. Let i\ be the resistance in 
either of the proportional arms, r the resistance in the bridge arm 
containing the platinum thermometer, whose spiral has a resistance p. 
Then if i denote the current in the spiral, H the heat given to it in 
unit time, we have 

H - i 2 P = Wrfp -r [(E + E) (r + n) + 2rr{f (1). 

The heating of course is gradual, and theoretically it might be possible, 
by rapid, skilful manipulation of the tapping key, to obtain a balance before 
there is a sensible effect. In practice, however, this is hardly possible 
in work of the highest accuracy. Only by the remotest chance does 
one hit the balance at the first attempt, and, as a rule, the key must be 
put down a good many times. Also, unless the key is held down a 
sensible time, a small absence of balance may be overlooked. The 
weaker however the current, the longer the time before sensible heating 
exists, and with the 100 ohms in the circuit it seems possible to get a 
fair balance before the heating effect is appreciable. Thus in comparing 
platinum and mercury thermometers at high temperatures, where 
accuracy of the order 0°*01 C. is usually much above what is necessary, 
the bridge has been regarded as balanced when no movement appears 
in the galvanometer on depressing the key. 

In the fixed point observations, on the other hand, the resistances 
have been adjusted until no movement appears on releasing the key. 
Under these circumstances the current has exercised its full heating 
effect. The platinum spiral is presumably heated to such small extent 
above the surrounding temperature as is required for its gain of heat 
from the current to balance the loss by radiation, conduction, &c. We 
may pretty safely assume that this excess of temperature is proportional 
to the heat given to the wire, but it must also depend on the specific 
heat of the platinum, on its radiating and conducting power, and also 
conceivably on the shape, dimensions, and material of the enclosing 
tube. I understand that several authorities* have proposed to keep i 2 p 
constant in the spiral by suitably altering the battery resistance. This, 
howpver, as the above reasoning shows, cannot secure constancy in the 
temperature excess of the spiral at all temperatures. 

§ 18. The application of the formula (1) presents difficulties. We 
know — at least, very approximately — the resistance 7\ of the propor- 
tional arms, and the resistance p of the spiral, at any "fixed point" 
temperature, but it is not customary to measure directly the resist- 

* For instance, Waidner and Maliory, ' Phil. Mag./ July, 1899, p. 14. 

c 2 
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ance r. It exceeds p by an amount equal to the resistance of the 
leads, including the thick platinum wires inside the thermometer tube. 
The mean temperature of these latter wires depends partly on the 
temperature of the spiral, partly on the length of tube immersed, and 
partly on the temperature of the external air. Of course we can 
measure r on any given occasion, but its fluctuations would be consider- 
able under normal conditions. My object being rather to get a fairly 
exact general idea of what to expect under the varied conditions of 
normal use, than to measure the phenomena with extreme exactness 
under an arbitrary set of conditions, I have accepted for r-p a rough 
approximation, good enough for my special purpose. 

The internal resistance of a dry cell varies very much according to 
its freshness. I have thus made two calculations, in which this resist- 
ance, B/, is taken as and as 5 ohms respectively. The latter figure 
actually applies to the later experiments on the relative heating in ice, 
steam, and sulphur vapour ; while the former answers sufficiently to the 
case of a new cell. 

The E.M.F. of a dry cell falls off in time, though not to a very large 
extent, and for our present purpose such a change does not concern us. 
We do not need to know the value of H, as given by (1), in absolute 
measure, but only the relative values of H with varying p and r, but 
with constant E and q\. 

In the following calculations I have supposed T\ — 5 — the propor- 
tional arms having each a resistance of 5 ohms — and for an ordinary 
thermometer p = 2*6 in ice, 3*6 in steam, and 6 '8 in sulphur, while 
r~p~ 0*4 ; for Ke we have p — 6*45 in ice and 8*95 in steam. The calcu- 
lated values of (H/E 2 fi 2 ) x 10 7 are given in Table VII. 

Table VII.— Values of (H/E%i 2 ) x W. 







Ordinary thermometers. 


K«. 


Fixed 














point. 








Difference 




Difference 




•p/ 

i° 


R-100 


60 40 30 20 


20 and 100 


U = 100 20 


20 and 100 


-LC6 • • . . 


38 
34 


100 212 357 720 
— — — 491 


682 
457 


37 484 


447 


Steam. , 


L5 


41 
37 


107 225 375 744 
92 182 286 513 


703 
476 


35 437 


402 


Sulphur 


it 


41 
37 


_____ 681 

_____ 478 


640 
441 


— - — 


— _ 



The most striking features in the table are the comparative smallness 
of the differences between the supplies of heat at the three fixed 
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points, with a given value of E', and the relatively large effect of an 
addition of 5 ohms to the battery circuit when the rest of the resistance 
is only 20 ohms. 

No very serious error would arise from treating the heat supplied as 
independent of the temperature, at least up to 445° C, so long as there 
is a large resistance of the order of 100 ohms in the battery circuit ; 
and under these conditions a moderate change in the resistance of the 
battery itself is not of much consequence. 

§ 19. At any one fixed point, as already stated, we may reasonably 
expect the rise of temperature of the spiral to be proportional to the 
supply of heat. It is desirable, however, to check this conclusion by 
experiment. I thus compare in Table VIII the above theoretical 
results with some experiments made with thermometers K 2 and K 5 at 
the steam point in June, 1897, In these the additional resistance in the 
battery circuit — beyond that of the battery itself — was given several 
values intermediate between 20 and 100 ohms: 

Assuming 

Heating effect/heat supplied = O, a constant, 

I determined C by equating the observed and calculated values of the 
difference of the heating effects with the two extreme additional resist- 
ances 20 and 100 ohms. This quantity is denoted by H 2 o - Hioo, and 
a similar notation is employed for the other similar difference effects. 
The differences in the table are really lengths of bridge wire, but for 
practical purposes they may be treated as temperatures. 



Table VIII. — Heating Effects of Battery Current at Steam Point. 



K ( Calculated j 
*• Observed ... 


K'. 


5 

• • • 


H-20— H 100 . 
0-165 


H 30 — H 10Q . 


H 40 — H 100 . 


Heo - •H ]00 . 


H\oo« 


BW 


H 40 . 


H30 


JJ 2 o- 

0-175 
0-178 


0-078 
0-086 

o-ioo 


0-043 
0-050 
0-047 


0-015 
0-019 
0-019 


0*010 
0-013 


0-025 
0-032 


0-053 
0-063 


0-088 
0-099 


■g f Calculated -J 
*• Observed ... 



5 

• « * 


0-185 
n 


0-088 
0-097 
0-097 


0-048 
0-057 
0-061 


0*017 
0*022 
0-026 


O'Oll 
0*014 


0*028 
0-036 


0-059 
0-071 


0-099 
0-111 


0-196 
0-199 



The resistance of the battery itself was not determined on either 
occasion ; but from the large size of the heating effects compared to 
those of later experiments with an older cell, I am inclined to suppose 
that the resistance was nearer than 5 ohms. The values calculated 
with E,' = 5, however, unquestionably present the closest accordance 
with experiment. In fact, taking into account the difficulty of the 
experiments, the agreement in this case is altogether too good, and 
must be largely a matter of luck. However this may be, there is, I 
think, every reason to suppose that the values deduced for the heating 
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effects Hiooj &c., with the additional battery resistances 100, &c, are a 
very fair approximation to the truth. There seems little doubt that 
with a fresh dry cell the reading at the steam point is raised fully the 
hundredth of a degree, even with 100 ohms in the battery circuit. If 
20 ohms only were inserted, the heating effect would amount to nearly 
two-tenths of a degree. In this latter event, an increase of 5 ohms in 
the battery resistance would lower the observed value of Ei by about 
0°'06 C. 

§ 20. We have next to consider the relative values of the heating 
effects at the three fixed points. These have been determined by a 
series of special determinations of the values of H 2 o - Hioo. During 
the majority of the experiments the battery resistance was approxi- 
mately constant, and not far from 5 ohms. The following table 
gives the observed values of the ratios 



(H 2 o - Hioo at s.team point)/(H 2 o - Hioo at ice point) 
and (H 2 o - Hioo at sulphur point)/(H 20 - Hioo at ice point) 

for the several thermometers, as well as the values calculated from 
Table VII for the ratios of the heat supplies. 



Table IX. — Differential Heating Effects at Ice, Steam, and Sulphur 

Points (found experimentally). 



Steam /ice ..... 
,, j, «... » 

Sulphur/ice. . . . 


Jik.j. -"-2* -"S* •"■4* J-*-5« -ivy. 


Mean 
Kj to K 7 . 


K 6 . 


0-77 0-77 0-74 0*75 0*67 0*75 
Ratio of heat supplies t -»/ Z k 

; 0-33 0-26 0*17 0*40 0*42 0*29 

f W = 
Ratio of heat supplies < ™ __ r 


0-74 
1-03 
1-04 

0-31 
0'94 
0-97 


0-54 
0*90 



The table is based on eighteen experiments comparing the (steam/ice) 
ratios, and eight experiments comparing the (sulphur/ice) ratios. In 
most cases the several steam/ice observations with the same thermometer 
showed a remarkably good agreement, but the results with K 5 and K7 
were less harmonious than the others. The sulphur /ice observations 
were so few that little weight attaches to the results for the individual 
thermometers ; but the final mean should not be much in error. The 
highest value of the sulphur /ice ratio observed was 0'42 in the single 
experiment made with K5. A considerable number of heating experi- 
ments have been made in sulphur, but I have employed in Table IX — 
as in the case of steam — only those which were made on the same day 
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as a corresponding experiment with the same thermometer in ice. This 
is necessary on account of possible changes in the resistance of the 
clry cell. 

At the sulphur point the heating effect is only about one-third of 
what it would be if it depended only on the value of i 2 p in the spiral, 
and even at the steam point the heating is less than three-quarters of 
what it would be on this erroneous hypothesis. 

§ 21. If the heating effect due to a given i 2 p were the same at all 
temperatures, Tables VII and VIII would justify the conclusion that 
with 100 ohms in the battery circuit all that is to be feared is a trifling 
fall, of the order o, 003, in the apparent zero E as the cell deteriorates. 
But, according to Tables VIII and IX, the true conclusion is that even 
with 100 ohms in circuit the heating effect is likely to diminish the 
fundamental interval by several thousandths, and the ice-sulphur 
interval by not much less than a hundredth of a degree. The use of 
20 instead of 100 ohms in sulphur point observations would largely 
increase the uncertainty. 

The changes in ~R S - E and Ei - E , due to varying heating effect, 
are in the same direction, so that the effect on jpt s is relatively small, 
and, in view of the numerous uncertainties existent, I have not thought 
it worth while to attempt a "reduction to an infinitely small current. " 
It is clear, however, that unless the current can be materially reduced 
by the employment of a more sensitive galvanometer, the necessity of 
providing for this reduction must be kept in view in all work of the 
highest accuracy. 

Before quitting the subject, I would remark that the diminution of 
the heating effect of a given i 2 p as the temperature rises is only what 
we should expect from the known increase with temperature of both 
specific heat and radiating power. It is possible that heating effect 
experiments with thermometers of other metals than platinum, or with 
spirals of varying gauge of wire, might prove a useful method for 
investigating radiating power. 

Error in the Temperature Coefficient of the Coils or Differences between the . 

Temperature Coefficients of Different Coils. 

§ 22. The standard temperature selected by Mr. Griffiths was 20° C, 

and he found for the relation between the resistance r T of a sample of 

the coil wire at temperature t, and its resistance r 2 o at the standard 

temperature, 

r T = r 20 [1+ 0-00026 (r- 20)] (2). 

All temperature corrections have been deduced by (2) since the box 
came to Kew Observatory. 

Suppose after the calibration corrections are applied that the 
observed box reading makes p the resistance of a certain platinum 
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thermometer when the coils and bridge wire are all at temperature r, 

then, referred to the mean box unit at 20° C, the true resistance is 

by (2) 

P [1 + 0-00026 (r- 20)], 

and thus the proper temperature correction is 

0-00026 (t - 20)p. 

Now suppose J&t the true resistance at f of a platinum thermometer 
whose true resistance at 0° is B , and whose fundamental interval is L 
Then the platinum temperature is 

pt = 100(K*-K<>)/I. (3), 

and corresponding to any correction (or error) AK^, arising from a 
cause other than errors in E or I, we have for the correction (or error) 
in pt the formula 

Apt - AK«(100/I) (4). 

Supposing (2) correct, and the box at temperature r, we must have m 
order to balance the bridge 

K* = /o [1 + 0-00026 (t- 20)] (5). 

If then Apt is the correction to pi arising from our application of a 
temperature correction to the box readings, we have 

Apt = (100/I)/>x 0-00026 (t~ 20) ,. (6) y , 

where p, like I, is measured in mean box units. 

For one of the ordinary Kew thermometers the following are suffi- 
ciently near values for purposes of illustration : — ■ 

Ice point. Steam point. Sulphur point. 

p = 258 358 678 

Corresponding to these representative values, with I = 100, we have 

Ice point. Steam point. Sulphur point. 

Apt = 0-067 (r - 20) 0-093 (r - 20) 0-176 (t - 20) 

Using Callendar's formula, 

t-pt - S[(*/100) 2 - J/100] (7), 

we have for the small increment At on the air scale corresponding to a. 
small increment Apt on the platinum scale 

At = Apt + [1~10~ 4 8(2^-100)] (8>.. 

Assuming for the sulphur point on the air scale Callendar and Griffiths- 5 
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value, t 8 = 444° '53, then in the Kew thermometers, as will be .seen 
later, 8 = 1*5 nearly, and we have approximately 

At the ice point A^ = Apt x 0*985 == 0-066 (r - 20), ^i 

„ steam „ At - A^x 1*015 = 0*094 (r - 20), l... (9). 
„ sulphur „ At = Aptx 1*134 = 0*200 (t- 20) J 

§ 23. Supposing that we aim at an accuracy of 0°*001 C, and are 
able to keep our coils within 1° C. of the standard temperature, then it 
will suffice to know our temperature coefficient correctly to 1 part in 
66, to 1 part in 94, or to 1 part in 200, according as the " fixed point " 
concerned is the ice, steam, or sulphur point. 

Accuracy to 0°*001 C. at the boiling point is not a very extravagant 
aim, and it thus appears desirable to know the temperature coefficient 
correctly within 1 per cent, unless we can keep nearer than 1° to the 
standard temperature. From correspondence with Mr. Griffiths, I 
found that he did not anticipate so high a degree of accuracy as this in 
his determination of the temperature coefficient, and as a matter of fact 
two fairly complete experiments by Dr. Harker have given values from 
0*00025 to 0*000245 for combinations of several of the actual box 
coils. 

The allowance of a departure of 1° C. from the standard temperature 
is a narrow one, except under specially favourable conditions. A good 
thermo-regulator, no doubt, can control the gas supply with consider- 
able accuracy, even under unfavourable conditions; but what the 
thermo-regulator controls is its own temperature. That temperature is 
probably in general close to the mean temperature of the immediately 
surrounding water. But supposing, as may happen in the platinum- 
thermometer room at Kew, that the air temperature is only 14° one 
day and 19° the next, then the temperature of the coil chamber will be 
much higher on the second day than on the first, supposing the thermo- 
regulator to have been left untouched. One cannot tell in advance 
what is going to happen during the night, and if one finds in the morn- 
ing the box thermometer indicating 17° and attempts to bring it up to 
20°, then either a long time is wasted in waiting during a very gradual 
rise, or else one is very uncertain as to the uniformity of the tempera- 
ture in the coil chamber. 

Again, in summer the room may be at 22° or 23°, or more, and the 
only simple way of keeping the coil chamber at 20° — viz., constant 
supplies of cold water in the bath — would probably introduce uncer- 
tainties greater than those it removes. 

On the whole, experience at the Observatory suggests that it is best 
to keep the box nearly at the temperature of the room, so that seasonal* 
variations of r between 17°*5 and 22°*5 have been common. Supposing 

# In the course of a single daj's experiments the temperature changes were usually 
only a few tenths of a degree. 
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r-2Q — 2° "5, an error of 5 per cent, in the temperature coefficient 
would introduce the following errors in t : — 

Near 0° C. Near 100° C. Near 445° C. 

0-008° 0-012 0*025 

The above remarks suppose that we are concerned, as in the Kew 
experiments, with the absolute value of the platinum thermometer 
resistances, and have to do with observations taken on different days. 
In ordinary thermometric work uncertainties in the temperature 
coefficient would be much less serious, supposing one to determine the 
fundamental interval daily, and to combine together only such observa- 
tions as are taken on the same day. Under such circumstances, it 
would not matter how far removed from 20° the temperature was, or 
how much in error the temperature coefficient was, so long as the tem- 
perature of the coils was strictly constant. Unless, however, the room 
containing the platinum thermometers is kept at a constant tempera- 1 
ture artificially, or is exceptionally situated, its diurnal range of tem- 
perature will seldom be inappreciable. 

Another source of uncertainty is the possibility of differences between 
the temperature coefficients of the different box coils, or between those 
of the two proportional arms. Such differences have not been observed 
at Kew, but there has been hardly any direct experiment, and the com- 
parison of the results from two coil combinations, such as CDF and 
CDG-H, in which only the small coils are different, does not afford a 
delicate test. 

As a difference between the temperature coefficients of the propor- 
tional arms was suggested by the Cambridge Instrument Company as a 
possible explanation of some phenomena (due, however, to some other 
cause), it is presumably a contingency which should not be dis- 
regarded. 

Error in the temperature coefficients, it should be noticed, would 
only introduce irregularity into the results of the Kew experiments. 
It might conceivably introduce an apparent seasonal variation in R or 
in the fundamental interval, but could hardly simulate a true secular 
change. 

Change of Zero or other Error in the Mercury Thermometer inside the Coil 

Chamber. 

§ 24. An error of 0°*1 C. in the estimated temperature of the coils 
affects the calculated temperature in the case of one of the ordinary 
Kew platinum thermometers by o, 007 at 0° C, 0°*009 at 100° C, and 
0°'020 at 445° C. 

Thus for accuracy of the order 0°-001 at 100° C, or 0°-002 at 445° C, 
the temperature of the coils must be known to o, 01 C. An ordinary 
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uncalibrated mercury thermometer, even with an open scale, cannot 
be relied on to give temperature differences to this degree of accuracy 
under the most favourable conditions. 

The thermometer in use in the Kew box is a good calibrated one, 
and errors in its graduation are unlikely to exceed o, 01. It is, how- 
ever, subdivided only to fifths of a degree, and individual readings 
cannot claim an accuracy of 0°*01. 

Fortunately, errors in reading merely introduce irregularities in the 
results, and so are not of fundamental importance in the present 
inquiry. 

A more subtle source of trouble is the secular change of zero, normal 
to mercury thermometers. A rise of o, l in the zero — which is not 
very much in excess of what actually occurred during the four years 
occupied by the experiments — would, in fact, exactly simulate a rise of 
o, 007 in the value of E . 

In the ordinary use of platinum thermometers, at least when there 
are moderately frequent observations of B,o> the circumstances are 
different. The slow secular change of zero in the mercury thermo- 
meter is then of little moment, while great importance attaches to the 
accuracy of the individual readings. 

Failure of the Box Mercury Thermometer to give the True Temperature of the 

Coils and Bridge Wire. 

§ 25. If the room temperature is below 20° C, and artificial heating 
is employed, we may have a practically stationary reading on the box 
thermometer, and yet find it differing by several tenths of a degree 
from a second thermometer whose bulb is at a different level in the 
coil chamber. Under such circumstances the temperature inside the 
coil chamber also varies with the distance from the side or end 
walls. 

The coils are of various shapes and diameters, some coming much 
nearer the top and bottom of the coil chamber than others, and they 
are necessarily at different distances from the ends. Thus, under the 
conditions specified above, different coils may possess different mean 
temperatures, and the temperature given by the mercury thermometer 
may differ sensibly from that of any one of the coils. Even with no 
artificial heating of the box, the temperatures at different parts of the 
coil chamber may differ by several tenths of a degree, when the room 
temperature is changing moderately fast. In such a case the presence 
of water in the protecting tank seems a positive drawback, as it makes 
the temperature of the coil chamber lag behind that of the rest of 
the room. 

When the temperature of the coil chamber is altering, whether 
through artificial heating or otherwise, the various coils doubtless alter 
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their temperature at different rates, and unless the mercury thermo- 
meter is specially chosen it may have a greater or a smaller lag than 
any one of the coils. The mercury thermometer used in the Kew 
box, like most open-range thermometers, contains a considerable 
quantity of mercury, and when the temperature changes fast it lags very 
sensibly behind the coils. For instance, in some special steam point 
observations with Ki, when the recorded box temperature rose 2°*5 in 
twenty minutes, the corrected bridge-wire reading fell about o, 06, 
instead of remaining practically constant as it ought to have done. 
The figures really show that the temperature of the box thermometer 
had lagged about o, 7 C. behind that of the coils in use. This of 
course was an extreme case, and under ordinary experimental condi- 
tions the difference between the temperatures of the box thermometer 
and the coils is hardly likely to exceed o, 3, and is probably seldom 
half this. Necessarily, however, a good deal depends on the depth of 
the bulb of the thermometer inside the coil chamber, and any alteration 
of that depth should be carefully avoided. 

§ 26. The temperature of the bridge wire is open to much greater 
uncertainty owing to its relatively exposed position. The whole bridge 
wire resistance in the Kew box is fully 30 box units, and if this 
were all on the platinum thermometer side of the Wheatstone bridge 
the error arising from the assumption that it possesses the temperature 
of the box thermometer would be approximately 0*008t, where r is the 
error, in degrees Centigrade, in the temperature assigned. 

As t may easily amount to several degrees, an error of several 
hundredths of a degree might easily creep in from this cause if one 
used a large fraction of the bridge wire. Theoretically it is possible 
to keep the bridge-wire reading within 5 units of the bridge centre,* 
thus reducing the uncertainty to less than one-sixth of that existing 
in the extreme case supposed. This, however, has not been compatible 
with our practice of employing the same coil combinations for all the 
thermometers of the same pattern. 

Even with the drawback of temperature uncertainty it is often 
advantageous to make a liberal use of the bridge wire. It facilitates 
finding the balance, and in work such as the comparison of mercury 
thermometers at high temperatures, where rapid reading is essential, it 
is a great convenience. 

It is thus highly desirable that the bridge wire should be better 
protected than in the Kew box, and that its temperature should be 
measured directly. 

Insufficient Immersion. 

§ 27. Supposing a correct mercury thermometer to be immersed in 
ice up to the reading -10° G. on the stem, there is a column 

# This was the policy recommended by Mr. Griffiths originally. 
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of mercury of about 10-degree divisions exposed to the influence 
of the surrounding atmosphere, whose temperature is, say, 20° C. 
This emergent column possesses a mean temperature somewhere 
between 0° and 20°, and so occupies a larger volume than if all were 
at 0° ; on this account alone the thermometer must read too high. The 
emergent column has a second influence tending in the same direction ; 
it serves, conjointly with the glass tube, as a path for the conduction of 
heat to the bulb. In high-temperature measurements the error due to 
a long emergent column may amount to several degrees, the thermo- 
meter in this case reading too low, The conduction along the stem is 
usually much the less important influence of the two. 

A platinum thermometer is not wholly free from immersion diffi- 
culties. It is not sufficient to have the spiral inside the bath or chamber 
whose temperature is desired, so that the defect in a platinum thermo- 
meter is most analogous to the second source of error described in the 
mercury thermometer. 

If, for instance, a platinum thermometer is buried in ice to only a 
little over the top of the spiral, the tube emerging in a room at 20° C, 
the heat communicated to the spiral through the surrounding air or 
through the connecting wires raises the reading appreciably. Similar 
insufficient immersion in the hypsometer sensibly lowers the reading. 

It was difficult to settle on a suitable basis- for comparing the effects 
of insufficient immersion in the different platinum thermometers. The 
spiral is wound on a mica frame, and usually one of the small mica discs 
which hold the wires apart is situated immediately above the top of the 
frame. When this occurred I have taken the " bulb " of the thermo- 
meter as extending to the first mica disc ; but in one case, where the 
interval between the first disc and the frame was considerable, I took 
instead the top of the frame itself. As a rule, the spiral stops short of 
the top of the mica frame by about f- cm, ; so the definition is at least 
a lenient one to platinum thermometers. 

The tubes of K 5 , K 6 , and K? being of transparent glass, the length 
of the "bulb" was visible from outside; but in K x and K 4 the tubes 
had to be taken off to allow of the requisite measurements being made. 

In the immersion experiments in steam the thermometers were 
carried in the usual way by a cork, about 3*25 cm. long, fitting the 
neck of the hypsometer. and the immersion was counted up to the 
lower face of the cork. ( Thus fully 3 cm. of the tube immediately 
above the portion exposed to the steam was protected from direct 
cooling by the ah\ 

§ 28. Table X gives particulars as to the results obtained. It 
includes the errors observed with the various immersions, measured on 
the hypothesis that an immersion of " bulb " + 10 cm. was in all cases 
sufficient. It also gives the lengths of the " bulbs," and the mean tem- 
perature in the room during each series of experiments with each 
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thermometer. This last information is of most consequence in the case 
of the experiments in ice, because the errors must then increase as the 
temperature of the room rises, and during the immersion experiments 
the room temperature was much below its ordinary summer value. 

Some of the figures are based on two or three complete independent 
experiments, but others depend on only one experiment. In most 
cases there were in addition several check experiments, with only two 
or three different immersions, but I have left these out of consideration 
in constructing the table. The results cannot claim any very high 
degree of precision, because it is difficult to secure uniformity in the 
conditions, more especially when the immersion is in ice. The difficulty 
is greater the less the immersion. "When the " bulb " only is immersed 
in ice, the reading after attaining a minimum usually rises somewhat. 
The phenomenon seems mainly due to melting of the surface ice, with 
consequent deterioration of contact between it and the thermometer ; 
but possibly a difference in the circumstances under which the thick 
platinum leads and the compensator wires cool may possess some 
influence. In taking the minimum readings, as I have normally done, 
I have of course, if anything, favoured the thermometers. This has 
also been done to some small extent in assuming that "bulb " + 10 cm. 
is in all eases ample immersion. As a matter of fact, an unmistakable 
difference was observed in the reading of several of the thermometers 
when the immersion was increased from "bulb" + 10 cm. to "bulb" 
+ 12*5 cm. This difference was not, however, always in one direction, 
the phenomena in one case distinctly suggesting that cooling an 
additional 2 '5 cm. of the compensator wires had more effect than cool- 
ing an additional 2*5 cm. of the platinum leads. 

The experiments are not sufficiently varied to justify any too con- 
fident explanation of the causes of the large differences between the 
different thermometers. Thus the pre-eminence of the errors in K 4 
might at first sight be attributed to the fact that the tube is of porcelain 
and of exceptionally large diameter ; but Ki is also of porcelain, while 
Ko has a much larger diameter than K-. Perhaps the most probable 
explanation is that K 4 is short for its tube, so that the mica frame — 
which is exceptionally short — only conies to within about 1 cm. of the 
end of the tube. 

Ceteris paribus, we should expect that with a given immersion, the 
error would vary approximately as the difference between the tempera- 
ture of the immersed portion of the tube and that of the air of the 
room, but to confirm, or refute this conclusion would require a consider- 
able number of careful experiments in which either the temperature of 
the bath or that of the room alone is varied, all the other conditions 
remaining unchanged. We cannot make use of the experiments in ice 
and steam for this purpose, because the conditions under which the 
transfer of heat occurs are radically different. We can meantime only 
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note as an isolated fact that the immersion errors were only about 
50 per cent, greater in steam than in ice, whereas the difference between 
the temperatures of the room and the immersed portion of the ther- 
mometer was about six times as large in the former case as in the 
latter. 

It may be only a coincidence — but if so it is a very curious one — 
that in the mean results, both in the ice and steam experiments, the 
errors diminish in geometrical progression as the immersions increase in 
arithmetical progression. 

An addition of 1*25 cm. (i.e., one-quarter the length of the "bulb") 
lowers the error almost exactly one-half. 

§ 29. Eeturning to the general question, we see from Table X that 
the immersion should be at least 10 cm., in addition to the length 
of the " bulb " ; in all, in the Kew thermometers, at least 15 cm. 
(6 inches). 

If the whole length immersed is less than 6 cm., the error in an ice 
or steam point experiment is unlikely to be much under o, l C. ; and 
until the total immersion exceeds 10 cm., the error is likely to exceed 
0°-01 G. 

In " fixed point " experiments it is usually easy to have an immersion 
exceeding 15 cm., and the main results dealt with in this paper are, I 
believe, free from appreciable uncertainty on this ground. 

There are, however, other circumstances under which immersion 
difficulties arise, as for instance in the comparison of mercury and 
platinum thermometers at high temperatures. 

Unless both the material of the bath and the contained liquid are 
transparent, we must have the divisions of the mercury thermometer 
which we have to read emergent. But with ordinary stirring it is also 
essential, except in a specially protected bath, that the bulb of the 
mercury thermometer and the spiral of the platinum thermometer 
should be about the same level. These conditions are often inconsis- 
tent with sufficient immersion of the platinum thermometer when we 
are comparing the lower part of the scale of the mercury thermometer. 
In fact, my attention was first directed to the question of immersion 
of platinum thermometers through the unexpected result that raising 
equally the height of Kf and a certain mercury thermometer in a bath 
of molten metal lowered the reading of K7 most. 

Another case where insufficient immersion is to be feared is in the 
determination of melting points of metals such as silver. The crucible 
supplied for use with melting silver at Kew would, if full to the lip, 
allow an immersion of only 10 cm. in all. As the silver is stirred 
during part of the experiment, and is too precious a material to splash 
all over the furnace, the immersion cannot well exceed 9 cm., and may 
be considerably less. 

It is by no means impossible that insufficient immersion may have 
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been accountable for the fact that the mean values of the melting 
point of silver from experiments by Mr. Hugo and myself (six in all) 
were only 958°*2 C. with Ki and 957°*5 with K 2 ; while Mr. Heycoek 
and Mr. Neville, at Cambridge, found 961 °*1 0. with the same sample 
of silver but a different thermometer. This is 2° above the highest 
individual observation at Kew Observatory. 

Slowness of Platinum Thermometers in Acquiring the True 

Temperature. 

§ 30. When a mercury thermometer is taken from a room at one 
constant temperature into another room at a different constant tempera- 
ture, some time elapses before the reading becomes steady ; while, if 
the temperature of the surrounding medium alters, the thermometer 
shows a lag which varies with the thickness of the glass walls and the 
amount of mercury in the bulb. 

As we have seen, the naked coils in the Kew resistance box have a 
smaller lag than an ordinary mercury thermometer, but it is otherwise 
with platinum thermometers. Here the wire does not come into direct 
contact with the external medium, and the attainment of the steady 
state is somewhat slow. 

Experiments have been made with some of the Kew thermometers 
which have been suddenly transferred from a bath about 15° C. into 
ice, or into a hypsometer in which the water is freely boiling. The 
interval, in seconds, was observed which elapsed before the bridge-wire 
reading came to 1°, 0°*5, or other fixed distance of the final stationary 
position ; this position had been found in a preliminary experiment. 

In all cases the immersion was similar to that of the ordinary fixed 
point experiments. 

Two mercury thermometers, Nos. 686 and 750, were experimented on 
in an exactly similar way for the sake of comparison. They are both 
Kew standards of the following dimensions : — 



K.S. 686.... 
K.S. 750.... 


Length of 

fundamental 

interval. 


Distance of zero 

mark from lower 

end of bulb. 


Length 
of bulb. 


Diameter 
of bulb. 

> 


cm. 
35 
32 


cm. 
21 

8 


cm. 

2-5 
2-2 


cm. 
0*6 
0-5 



I have not thought it necessary to go into full details of the observa- 
tions. The following table gives the number of seconds required to 
get to 1° and o, 5 of the stationary temperature in ice, and to 1°, o, 5, 
and o, 25 of the stationary temperature in steam. It was found that 
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the rapidity of attaining the steady state in ice depended greatly on 
the tightness of the packing and the moistness. Thus, particulars 
are given of experiments made with the ice variously treated — - 



Thermometer... 



Ki 

K* 

K G 

K 7 

K.S. 686 .. 
K.S. 750 .. 



As usual, 

but not 

packed tight. 



1°. 



51 
103 



0°'5. 



132 



Table XL 



Ice. 



As usual, 
packed 
tight. 



1°. 



38 
50 
48 
31 
9 
11 



o°i 



50 
58 
61 
44 
]3 
20 



Freshly 
moistened. 



1°. 



33 
44 



0°*5. 



44 
53 



Mixed with 

a good deal 

of water. 



1°. 



28 



0°'5 



35 



Steam. 



1°. 



0°*5. 



0°'25. 



37 


44 


58 


51 


61 




65 


77 


89 


43 

9 
6*5 


— 


64 


— 


, 



Most of the data are based on at least two experiments. The 
different experiments with any one thermometer in steam were in good 
agreement. The agreement in the ice experiments was pretty fair 
when the ice was moistened or was tightly packed ; when, however 
the ice was not freshly moistened and was only loosely packed the 
results were very variable. The intervals 1°, o, 5 were generally only 
approximate, and to elucidate the exact law of cooling or heating 
would require a more complete investigation. The data are, however, 
exact enough for general conclusions. 

The most striking fact is the extreme slowness of all the platinum 
thermometers as compared to the two mercury thermometers ; and it 
should be. noted that these two thermometers are not of a type intended 
to be rapid. 

To get within 1° of the steady reading, the temperatures of the 
thermometers had to alter about six times as much in steam as in ice. 
The times required for these two changes are pretty much alike in all 
the platinum thermometers, supposing the ice tightly packed, as it 
usuxlly is in the normal experiments. Thus the approach to the steady 
state is decidedly slower in ice than in steam, and a longer time must 
be allowed in the former case than in the latter. 

§31. Some rough calculations, based on the observations with. K 1? 
summarised in Table XI, point to the conclusion that 3*5 minutes' im- 
mersion in ice and 2*5 minutes' immersion in steam would suffice to bring 
the reading within o, 0005 of its stationary value in the case of this 
thermometer. K 4 and K 6 are decidedly less rapid, and I should con- 
dude that ten minutes' immersion in well-packed ice and five minutes' 
exposure to steam are by no means very excessive allowances in the 
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•case of an average platinum thermometer. It has been customary at 
Kew to allow a fully longer immersion than ten minutes in ice before 
taking the first reading, and I think that in the case neither of the ice 
nor the steam point observations has there been any sensible error 
through excessive hurry. 

At the sulphur point the attainment of the steady state is a tedious 
process. Readings taken with the short-stem thermometers K 3 and K 4 
within thirty or forty minutes of their first exposure to sulphur vapour 
had nearly always to be rejected, being conspicuously low. One had 
in fact to allow about an hour with these thermometers. Even with 
the long-stem thermometers, whether glass or porcelain, at least forty 
minutes' exposure to sulphur vapour was found desirable. A good deal 
depends on the gas supply and on the quality of the Bunsen burner 
used. 

In some of the sulphur point experiments at Kew it is open to doubt 
whether the stationary temperature had been absolutely attained, but 
I do not think any serious uncertainty was introduced in this way. 

Impurity in the lee used in getting R , or Variability in the Method of 

Treating it. 

§32. The ice employed at Kew Observatory is supplied in large 
blocks, which are washed prior to use. As the testing of thermometers 
in ice is a frequent occurrence, the assistants have no lack of experience, 
and since a planing machine was introduced some years ago the ice as 
prepared has been very uniform and finely divided. The ice employed 
in the platinum thermometry has been taken from the supply used in 
the ordinary test work, and as the purity of this is frequently checked 
by observations with Kew standard thermometers no serious impurity 
need be feared. The check would, I allow, be hardly adequate to 
settle a question of two or three thousandths of a degree, and no doubt 
for work of the highest accuracy a more stringent test would be 
desirable. Strong confirmatory evidence of the uniform purity of the 
ice is afforded, as will be seen presently, by the small variability in the 
observed values of the fundamental intervals of the thermometers. 

The method of preparing and moistening the ice seems to exert a 
small but sensible influence on the depressed zero readings of mercury 
thermometers, possibly because the amount of the depression must be 
influenced by the rate of cooling. There seems, however, to be very 
little if any effect on the zero reading of a platinum thermometer, so 
long as the immersion is ample and the temperature of the room is 
moderate. 

Error in the Barometer. 

§33. Ordinary errors of reading, lag, or improper temperature 
correction would merely introduce irregularities into the calculated 

r> 2 
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boiling points ; but an undetected change of zero in the barometer, or 
an alteration in the method of reduction, would simulate a change in 
Ei and R s , the same for all the thermometers. 

After the first few observations the Royal Society's old double tube 
mercury barometer — repaired some years previously by Messrs. 
Negretti and Zambra — was set up in the platinum thermometer room, 
and it has since then been used in all the steam and sulphur point 
observations. A recent comparison between it and the Observatory 
standard barometers shows that no certain change of zero has occurred 
since it was set up. The surface of the mercury in the cistern of the 
barometer is about 6 inches lower than the surface of the water in 
the hypsometer, and about 11 inches lower than the surface of the 
boiling sulphur. No allowance has been made for these differences of 
level, as they would introduce extremely small and practically constant 
errors in the two boiling points. 

The same reduction tables have been in use throughout, and the con- 
stant factor 1*0006 has been applied in the reduction to gravity at 
latitude 45°. Until standard gravity is more exactly defined, and 
relative values of gravity more carefully determined, the accuracy of 
the reduction is open to question, but for the purposes of the present 
inquiry the uncertainty is quite immaterial. 

As to the accuracy of the individual barometer observations, I need 
only say that readings by Mr. Hugo and myself seldom differed by 
more than O'OOl inch. The instrument has a tube of 0*6 inch in 
diameter and responds rapidly to alterations of pressure, so that no- 
serious error need be apprehended from lag. 

Impurity in the Sulphur, &c. 

% 34. The sulphur made use of in the experiments has all been 
obtained from Messrs. Baird & Tatlock ; it has been produced by 
Chance's process. Though several supplies have been obtained, at 
different times, no discontinuity has been observed in the sulphur 
points ; thus, unless our experience has been unduly favourable, 
sulphur has at least one great merit as a medium for supplying a fixed 
high temperature. There are, however, certain disadvantages which 
have introduced some variability into the conditions of experiment. 
After an experiment the sulphur solidifies in the tube containing it, 
and the remelting it on a subsequent occasion not infrequently ends in 
cracking the tube. On one or two occasions a crack went right round 
the tube, at a considerable height above the bulb, after the sulphur had 
been melted and experiments were progressing, and on other occasions 
the tube was found to have cracked a day or two after the sulphur had 
cooled. Of one batch of tubes, of thicker glass than usual, several flew 
into pieces after the sulphur had liquefied, and the observer was lucky 
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in escaping with no damage except to his clothes. In consequence of 
this defect, we have had to employ about a score of tubes, and these 
have not been strictly uniform in length, thickness, or diameter. We 
have also had to employ a considerable number of small asbestos cones, 
of the pattern recommended by Mr. Heycock and Mr. Neville, and the 
tightness with which these have fitted the tubes has varied sensibly. 
Thus the sulphur point observations have been taken under more vari- 
able conditions than those at the steam point. 

We have not indeed observed any certain consequences to follow any 
of the minor changes described above, but more careful experiments 
would be necessary to justify the conclusion that the variations are 
immaterial. I am, in fact, inclined to think that variations in the 
length of the asbestos cones, or in the tightness with which they fit the 
tube, are sufficiently probable sources of uncertainty to deserve investi- 
gation. 

Error in the Formula assumed for the Variation of the Boiling Point of 

Sulphur with Pressure. 

§35. In another direction there is, I think, little doubt that appre- 
ciable error exists, viz., in the reduction of sulphur point observations 
to the standard barometric pressure. Professor Callendar and Mr. 
Griffiths accept a simple linear relation 

M = <>-760)x 0-082 (10), 

where A£ is the increment in the temperature of sulphur vapour, on the 
air scale, when the barometer is p mm. instead of 760. This is based 
on some experiments by Kegnault, who examined a wide range of pres- 
sure, but had so few experimental points that interpolation is very 
uncertain. 

A priori, having regard to the corresponding phenomenon in steam, 
one would hardly anticipate great accuracy from a linear relation, 
unless restricted to a very limited range ; while in ordinary every-day 
use we must be prepared to cover at least a range of 30 mm. The 
Kew experiments, having been taken without any special regard to the 
atmospheric pressure, naturally cover a fairly wide range, and thus 
.afford a favourable opportunity of testing the accuracy of (10). To 
this end I have carefully reduced all the sulphur point experiments in a 
uniform way. 

Assuming Callendar's formula 

t~pt - 8[(tf/100) 2 - (J/100)], 
we may, near the sulphur point, conveniently give it the form 

pt-pt s = (t -t 8 ) [1 -100- 2 8(24 -100)]- 100- 2 S (t-t s f (11), 
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where i s and pt 8 are the temperatures, on the gas and platinum scales y 
of the sulphur boiling point at standard pressure. 

Hence if (10) be correct, we have, pt answering to the temperature of 
sulphur vapour when the pressure is p mm., 

pt 8 = pt ~ 0-082 (p - 760) [1 - 1 0(T 2 8 (2tf g - 100) 

-100- 2 S x 0-082 (jp- 760)] (12).. 

Supposing, for instance, 8 = 1*5, and t 8 = 444° '53, then 

pt 8 = pt- 0-082 (p - 760) [0-88164 - 0*000012 (p - 760)] . 

For any ordinary barometric range the term containing p - 760 inside 
the square bracket is negligible, and so we may take 

pt s =^-0-0723(^-760) -. (13),, 

where the last significant figure is, of course, uncertain. 

In actual application pt is the observed value of 100(E - B )/(Ei - Bo) 
in a sulphur point experiment taken when the reduced barometer read- 
ing is p, while pt s is the value calculated from this experiment for the 
platinum temperature of the boiling point of sulphur at standard pres- 
sure, on the assumption that (10) is correct. 

§ 36. In calculating pt 8 I adopted two methods : First I took for 
Bi - Bo in each group of experiments with a given thermometer (a group 
including all the experiments made during one year, or during the time 
one particular calibration was in vogue) the mean of the observed 
values of the fundamental interval during the epoch in question. Next 
I used for each sulphur experiment the individual value of Bi - B 
found from the corresponding ice and steam point observations. These 
observations were usually taken on the same day as the sulphur point 
observation, or on the previous day. I thus obtained two series of 
values of pt 8 . In the first, one principal source of uncertainty was 
largely eliminated ; while, in the second, another principal source of 
uncertainty was largely reduced. 

The following table shows the results for the longest epoch con- 
sidered, viz., from September, 1897, to January, 1899, inclusive, cover- 
ing the time when Calibration III was in vogue. During a set of 
sulphur experiments with the different thermometers the barometric 
height of course varied somewhat, thus the pressures given in the first 
column of the table are only approximate. The break in the table 
separates the cases where the reduced barometric height was above 
760 mm. from those in which it was below. The results in the last 
two lines are based on the exact barometric readings observed during 
the experiments on the individual thermometers :- — • 
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§ 37. A similar treatment of the entire number of observations with 
these four thermometers — viz., twenty-four with K 3 , twelve with K7, 
and twenty-one with both Ki and K 4 — making use of the individual 
fundamental intervals only, gave the following results :— 



Pressure. 



Table XIII. 



Above 760 .... 

Below 

Differences .... 



Mean pressures 700 + 



Mean values of pts, 421 + 



JLV], jOlo. J-ILj. J\.y. Ja.j. -"-3* JtV.4. 



K, 



67 -57 66 '66 66 -19 68 '77 
54-08 54-06 54*63 53 '91 
13*49 12-60 11-56 14-86 



•508 '612 -625 '533 

•468 '485 *526 '402 
•040 *127 '099 -131 



Thus variation in pt s per 1 mm. of pressure ! 0*0030 0*0101 0*0086 0'0088 



As we shall see later, the thermometer Ki has undergone a change. 
Its pt s has risen, and the apparent smallness in the variation in its case 
in Table XIII seems largely due to the fact that amongst the latest 
experiments there was a preponderance of cases where the barometer 
was below 760 mm. 

§ 38. Tables XII and XIII prove, I think, beyond a doubt that the 
Callendar-G-rifnths reduction formula (10) assigns an appreciably too 
small value to the variation of the temperature of sulphur vapour with 
pressure near 760 mm. This is the conclusion to which the results 
from every single thermometer point, and the phenomena are too con- 
spicuous to be attributed to accident or to experimental errors. 

The agreement between the results in Tables XII and XIII is, I 
admit, not all that might be desired, and any numerical conclusions 
based on them are perhaps hardly likely to be final. Still I have 
thought it worth while to see what these conclusions are, proceeding as 
follows : — • 

Suppose that the Callendar-Grimths formula (10) is defective in 
omitting a term in (p - 760) 2 and in assigning an incorrect value to the 
constant multiplier of the term in v - 760. 

Then, supposing as before 8 = 1*5, we should replace (13) by 

<pt = pi, + (0-0723 + x) (p- 760) + y (#-760) 2 ... (14), 

where x and y must be determined from the experiments. As all the 
observations had been already worked up applying (10), it seemed 
simplest to take for data the values calculated in this way for pt 8i 
determining x and y by least squares from the observed differences 
between the calculated values and their mean. 
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I first took the data in Table XII and added to the individual values 
for pt s in Ki, K 3 , and K? the mean of the differences between the values 
of pt 8 found with these respective thermometers and the corresponding- 
values in K 4 . As the corresponding values of pt s in these four thermo- 
meters answered to nearly the same barometric pressure, one got in this 
way a mean pt s answering very fairly to the mean barometric pressure. 
Applying formula (14) to the figures so obtained, I obtained by least 
squares 

x = +0-0063, y= +0*00018 (15). 

Next I took all the observations made with K3 and K 4 — excluding 
one when the asbestos cone fell off — and combining the observations 
made on the same days got twenty-four values of pt s as given by the 
formula (10). Combining these two and two in the order of the corre- 
sponding barometric pressures, I found from the resulting twelve data 
by least squares 

x= +0-0087, y= +0-00021 (16). 

For ready comparison I show side by side the formulae resulting from 
(15) and (16), as well as those based on the Callendar -Griffiths value. 
In these formulae, t s and pt 8 are, as before, the temperatures on the air 
and platinum scales of sulphur vapour boiling under the standard pressure 
760 mm., while t and pt are the corresponding temperatures when the 
pressure is not 760, but p mm. It is supposed that 8 = 1*5 in the 
formulae for pt. 

Callendar and Griffiths, (pt = pt s + 0*072 (p - 760), 
from Eegnault. I t - t s + 0*082 (p - 760). 

From (15), i.e., by ex- 

pt = pt 8 + 0-078 (p- 760) + 0-00018 (j9-760) 2 , 

t = t 8 + 0-088 (p - 760) + 0-00020 (p - 760) 2 . 



periments on Ki, K 3 , 
K4, and K7, between 
Sept. 1897 and Jan. 
1899. 

From (16), i.e., by ex-" 
periments on K 3 and 
K 4 between Oct. 1895 



> 



pt = pt s + 0-081 (p - 760) + 0-00021 (p - 760) 2 , 



j^ 4 Detweenuct.i»yD t = tg + -092 (^-760) + 0*00024 (p-760) 2 . 
and Sept. 1899. J 

In restricting the second calculation to K 3 and K 4 I was guided by 
the obvious change in K 4 and by the comparative fewness of the experi- 
ments at the sulphur point with K2, K 5 , and K7. According, however, 
to Table XIII the variation of pt s , per 1 mm. pressure, deduced from 
the experiments on K 3 , is exceptionally high. Further, the agreement 
between observed and calculated values in the second calculation was 
not so good as in the first. I am thus disposed to attach somewhat 
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more weight to the result of the first calculation. In any case I have 
little doubt that the formula 

t = t s + 0-090 (p-760) + 0-0002 (^-760) 2 (17) 

will prove considerably more exact than the formula (10) now in use. 
Further direct experiments on the point are, in my opinion, desirable. 

§ 39. In our previous calculations we have employed Callendar and 
Griffiths' value, 444° '53 C, for the boiling point of sulphur. This is 
supposed to be measured on the scale of the constant pressure air 
thermometer. It is about o, 7 C. lower than the value recently found 
by Chappuis and Harker, employing the constant volume nitrogen 
thermometer. We do not as yet know enough about gas thermometry 
to judge of the consistency of the two results, or of the degree of 
accuracy either can claim. It is thus desirable to know how the 
previous results would be influenced by a slight change in the accepted 
value of t s . Such a change would not affect any formula like (10) con- 
necting t and p, and it would modify formulae like (13) containing^ 
only indirectly through change in S. The change AS in S, answering to 
a small change At 8 in t s , is given by 

AS = At s [10 4 - S(2t s - 100)] + [t s (t s - 100)]. 

Using Callendar and Griffiths' value of t s we get approximately, 

when S = 1*5, 

AS = 0-0575A4. 

For instance, if At s = 0'7° C, 

then AS = 0*04, approximately. 

Constancy or Variability of Platinum Thermometers. 

§ 40. Supposing the E of a thermometer, determined in the usual 
way, to show a distinctly lowered value as time proceeds, the cause 
might be a change in the leads, or in the proportional arms, or in the 
box coils, and not a real change in the thermometer itself. There are 
no certain data as to the original equality of the proportional arms ; 
but as Dr. Harker recently found them to differ by only about three 
parts in 20,000, and as they were, doubtless, made as nearly as possible 
equal at first, there is reason to suppose that any uncertainty on this 
head is small. 

On the other hand, as shown by Table III, changes in the leads have 
been large and fluctuating. As no data exist for eliminating this 
uncertainty in a direct way in the earlier observations, I have based 
the inquiry into the constancy of the thermometers mainly on an inter- 
comparison of themselves. As the same coil combinations were used 
for every one except Kt$, and as the thermometers have nearly equal 
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fundamental intervals, and were compared in the great majority o£ 
instances on the same or on successive days, the differential results are 
but little exposed to the chief sources of uncertainty. 

Before discussing the differential results I shall glance briefly at the 
absolute data obtained when the leads were interchanged. A summary 
of these is given in Table XIV, along with results of observations with- 
out interchanged leads on October 4 and December 8 and 9, 1897 : — 



Table XI Y. — Values of Rn. 



Date. 


Leads. 


J\.j. 


K,. 


JK.4. 




September 21, 1897. . . . 

October 4, 1897 

December 8 and 9, 1897 

Mean of experiments 
between May and Sep- 


interchanged 
as usual 
as usual 

interchanged 


257*756 
•739 
•750 

•723 


257 -856 
•833 

•827 

•856 


257 -453 
•431 

•420 

•462 


256 -70S 
•672 
•672 | 

•711 



The leads had been adjusted to approximate equality between 
September 21 and October 4, 1897 ; we may thus reasonably suppose 
that the changes experienced prior to December 9, 1897, were small. 
Also, judging by what was observed on October, 1898, such change as 
might have occurred would tend to diminish E . We may thus regard 
the results obtained on October 4, and December 8 and 9, 1897, as 
proving that the observations on September 21 did not suffer from any 
notable source of error peculiar to the day. 

Comparing the results obtained on September 21, 1897, with the 
mean results for 1899, we obtain a surprisingly close agreement in the 
case of every thermometer except Ki. 

This certainly is pretty strong evidence of constancy in at least 
three of the thermometers during the last two years. It is of course 
possible that a common change might have occurred, and that it was 
masked by a corresponding equal change in the box coils ; but as these 
coils are of a different material, platinum silver, and have been exposed 
to wholly different conditions, such a contingency is improbable. 

§ 41. For the purpose of inter comparison, I have selected as standards 
of reference K3 and K4. These two thermometers are almost identical 
in pattern, and have been exposed to almost exactly the same treat- 
ment, usually being compared in immediate succession to one another. 
Taking the mean B, , E-i, and ~R S given by these thermometers on each 
occasion, I have found the difference between these means and the R r 
Hi, ^s of each of the other thermometers. I preferred taking the mean 
for the two thermometers to taking either alone as a standard, because 
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by doing so, observational errors should be rendered less important. 
Also there was no reason for preferring one to the other. The E and 
Ei of K(j have been multiplied by 0*4 to reduce them to approximate 
equality with the corresponding quantities in the other thermometers ; 
and in this instance the data given are limited to the cases where the 
leads were interchanged. The reason for this is that the value of Eo 
in Kq is affected by a given inequality in the leads by no more than the 
E in K3 or K 4 , so that inequality in the leads would influence such a 
quantity as 

0*4 E (in Ko) - (mean Eo of K 3 and K 4 ). 

The differences between the E , Ei, and E s of K 8 and K 4 are also given, 
so that the differences of any thermometer from K 3 and K 4 separately 
could be at once obtained from the table. Such a heading as K 3 - K 4 
means that the E , E], or E 5 . — as the case may be — of K 4 , when sub- 
tracted from that of K 3 gives the results in the columns of Table XV 
(p. 45). 

The data enclosed in the [ ] brackets are, I have reason to think, 
affected by experimental error, while those in the ( ) brackets are, I 
believe, correct but due to exceptional circumstances. These data are 
not taken into account in the mean values. Data in the brackets { } refer 
to two independent observations during the same month. The blanks 
in the case of K 2 and K 5 arise from the absence of these thermometers 
at Sevres and from the changes in the former thermometer during 
1896. 

§ 42. Table XV shows that if any relative change has occurred 
between K 3 and K 4 since 1895 it must be very small. The figures are 
not, however, absolutely inconsistent with a slight reduction in the 
'difference between the two resistances. 

There is the clearest evidence of a gradual fall in the E and Ei of 
Ki relative to the corresponding quantities in K 3 and K 4 , the change 
being greatest in the case of Ej. On the other hand, the E g of Ki has 
apparently risen during the last two years relative to the mean E s of 
K 3 and K 4 . As the resistance of K x at 0° G. is intermediate between 
tile resistances of K 3 and K 4 , it is impossible to attribute the phenomena 
to changes in the proportional arms, or in the coils, or to any other 
external cause. I thus see no alternative to the conclusion that in Ki 
there has been a diminution in the resistance in ice and in the funda- 
mental interval, accompanied by an increase in the ice-sulphur and 
steam-sulphur intervals. 

In its earty days K 4 was several times exposed to the temperature of 
molten silver, but the last exposure preceded 1897. Table XV shows 
no other certain example of relative change except in the case of K 5 
when quite new. The first experiment made with this thermometer was 
on February 12, 1896, by which time the observers had become fairly 
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expert. On this day observations were taken at the ice, steam, and 
.sulphur points, and on the same day observations were also taken with K 3 
and K 4 . Further, both Mr. Hugo and myself observed, each with two 
sets of coils, at the ice and steam points, and our observations were in 
excellent agreement. Thus I think the evidence is almost conclusive as 
to the reality of a fall in the E and Ei of K 5 , in consequence presum- 
ably of its first exposure to the sulphur point temperature. This fall 
was apparently about 0°*1 in the case of E . 

This is not the only case in which this phenomenon occurred. Thus 
■on April 24, 1896, the thermometer K 2 , which had been freshly remade 
after a breakage in silver, gave an Ei of 356*507 immediately prior to a 
sulphur point experiment, while on April 27, the value found for Ei 
was 356404. There is no reason to suppose that any sensible change 
in the leads had intervened. 

§ 43. Much the clearest evidence of sudden changes arises, however, 
in the case of exposure to the temperature of molten silver. On 
December 24, 1895, K 2 was exposed to this temperature for the first 
time at Kew,* the experiment being immediately preceded and suc- 
ceeded by steam point observations. It was found that E x had 
changed from 357*535 to 357*014, representing a fall of 0°*52. On thQ 
next trial in steam the value found for Ei was 357*057 ; but as the Ei 
of K 3 and K.| showed also a. slight apparent rise during this interval, 
the cause was most probably a slight change in the leads. In March, 
1896, K 2 broke in silver and was remade. After exposure to the tem- 
perature of sulphur vapour on April 24, as already described, it was 
tried in molten silver on April 27 ; on which occasion its Ei fell from 
356*404 to 356*050. After a second sulphur point experiment on June 
26, when no certain change occurred, K 2 was tried a second time in silver 
on July 2, and its Ei again fell, though only by 0°*15. Altogether, 
between April 24 and July 2, 1896, the E x of K 2 showed a total 
apparent fall of 0°*735, whilst the corresponding mean apparent fall in 
K 3 , K 4 , and K 5 , as obtained by interpolation, is only about 0°*015. The 
mean fall in these last three thermometers is doubtless a nearly correct 
measure of contemporary change in the leads ; and we thus conclude 
that two exposures to the sulphur point temperature and two exposures 
to molten silver had produced a fall of approximately 0°*7 in the zero 
of K 2 . 

The thermometer Ki had been in molten silver in September, 1895, 
before it came to Kew. On its first exposure to molten silver at iho 
Observatory— the exposure being as usual preceded and followed by 
steam point observations — the fall of Ei was only 0°*08; and on two 
subsequent occasions the effect, if any, was very small. For instance, 
on the last occasion the apparent fall was only 0°*009. 

* It was said to have been heated in September, 1895, at Cambridge, to fully as 
high a temperature. 
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§ 44. We have next to consider the constancy of the fundamental 
intervals. Corresponding ice and steam point observations were almost 
invariably taken in immediate succession to one another, so that 
ordinary changes in the leads could hardly affect the results. I have 
divided the data into groups according to the date, and give only the 
mean results. In the first group there were only two ' observations 
and in the last group only three, except in the case of Ki and K 5 , 
where five observations had been made. In the three intermediate 
groups the means are nearly all based on six observations. A few 
observations made in the early part of 1897 have been wholly omitted, 
as the state of the leads was certainly not then satisfactory. 



Table XYI. — Mean Values of Fundamental Intervals at different 

Epochs. 



Epoch. 



1895 

1896 

Sept., 1897, to 

Apr., 1898. 

Apr., 1898, to 

Jan., 1899. 

May to Sept., 1899 



} 
} 



Calibra- 
















tion 


Kj. 


Ko. 


K 8 . 


K 4 . 


K 5 . 


K 6 . 


K 7 . 


used. 










100 + 








99 + 


100 + 


99 + 


99 + 


250 + 


99 + 


I 


• • 


• • 


•956 


•711 


• • 


•246 




I 


•812 


• • 


•981 


•709 


•247 


•301 


•295 


III 


•776 


• • 


•942 


•672 


• « 


•157 


•265 


III 


•752 


• • 


•945 


•671 


• • 


•163 


•257 


IV 


•712 


•857 


•925 


•656 


•188 


•171 


•256 



According to the table there is a fall in the fundamental interval of 
every thermometer between 1896 and 1899. It is probable, however, 
that this is mainly if not entirely fictitious except in the case of Ki. 
When the resistance box was altered in the summer of 1897, the coils, 
as Table IV shows, were slightly disturbed ; and in all probability the 
mean box unit was slightly altered. An increase in this unit of about 
35 parts in 100,000 would account pretty satisfactorily for the apparent 
differences in the results of the second and third epochs of the table. 

During the third and fourth epochs nothing happened to the box, 
and K x is the only case where there is any noteworthy difference 
between the corresponding means in the two epochs. 

Between the fourth and fifth epochs the coil I broke, and its resist- 
ance was diminished by about 0'66 of a box unit by the resoldering. 
This fact, and the comparatively small number of observations on 
which the means are based during the fifth epoch, predispose me to 
query the apparent falls in the fundamental "intervals of K 3 and K 4 . 
In the case of Ki, however, the fall is too large to be explained away. 

§ 45. Instead of attempting to trace changes in the ice-sulphur 
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interval R s — Ro directly, I pass to the consideration of pt 8 and S, as 
quantities of more immediate interest. The constancy of one of these 
quantities is involved in that of the other ; but each has an interest of 
its own. I have thought it desirable to give the results obtained from 
formula (17) as well as those obtained by accepting the Callendar- 
Griffiths formula (10). 

The thermometer called K 2 in 1896 is wholly different from that so 
denominated in 1899. 

With the exception of the 1899 results in K 2 , and the 1897 results 
in K^, every mean in the table depends on at least four observations ; 
in some instances eight were available. 

The existence of a gradual rise in the pt s of Ki, with corresponding 
fall in its 8, is placed I think beyond doubt. In the case of the other 
thermometers there is no fluctuation which might not reasonably be 
attributed to errors of observation or uncertainty in the pressure reduc- 
tion formula. 

Differences between the Thermometers. 

§ 46. A difference between the values of R<> or I in two thermometers 
does not necessarily imply any difference between them as measurers 
of temperature. The temperature jot is a ratio, and so should depend 
solely on the law of increase of resistance with temperature. 

If the drawing of platinum wire affects its physical properties, we 
may perhaps expect differences between the temperature relations of 
wires of different diameters. But there it no obvious reason a priori 
why differences should exist between specimens of wire of the same 
thickness from the same sample of platinum. It is clearly desirable to 
ascertain whether such differences exist, and if they do whether they 
follow any recognisable law. This is the more important at present 
owing to the recent proposal made by Prof. Callendar to the British 
Association to set up standard platinum thermometers made of some 
one sample of platinum wire. 

Referring to Tables XVII and XVIII, we see evidence of differences 
between certain of the thermometers. The consistency of the mean 
values found in different years for pt s in K 3 and K 4 renders it im- 
possible to ascribe to experimental error the very considerable differ- 
ences between the values of j)t s in these two thermometers, and in the 
original Ki and K2. 

§ 47. The evidence afforded by Tables XVII and XVIII as to differ- 
ences between K 3 , K 4 , K 5 , and K7 is less conclusive. I have thus had 
recourse to two more sensitive methods of detecting differences. 

The first of these consists in taking the ratios borne to one another 
by the resistances at the ice, steam, and sulphur points. The taking 
note of the value of R1/R0 was in fact recommended originally by 
Mr. Griffiths as a delicate means of checking the accuracy of individual 
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observations, and the practice was continued for some time after the 
experiments commenced. The value of these original calculations is, 
however, prejudiced by the fact that the results are affected by any 
want of equality between the leads, unless this can be eliminated. I 
have thus included in the following table only those observations in 
which the difference between the leads was known and could be allowed 
for. The thermometers are arranged in descending order of Ei/Eo 
during the last epoch. 

Table XIX. 



Thermo- 
meter. 


Mean values of B»i/K . ' 


Mean values 
of E,/R . 


Sept. 21, 1897. 
(Cal. III). 


Oct., 1898, to 

Jan., 1899. 

(Cal. III). 


May — Sept., 

*1899„ 

(Cal. IV). 

.1 -38787 
1 -38774 
1 -38751 
1 -38711 
1 -38691 
1 -38664 
1 -38610 


May— Sept., 

1899. 

(Cal. IV). 


K 6 

M< 


1 -38771 
1 -38751 
1 -38707 
1 -38709 
1 38670 

3ans, excluding K 


1-38792 

1 -38777 
1 -38759 
1 -38714 
1-38706 
1-38664 


2*63527 

2 -63331 
2-63165 
2-63112 

2 -62937 
2 -62709 


1 -38702 


2 -63090 





The last figure is retained mainly to give an idea of the concordance 
between the several results for the same thermometer. Without 
realising this, one is not in a position to judge of the weight to be 
attached to the apparent differences between the different ther- 
mometers. 

It will be observed that Ki alone has altered its relative position 
since September, 1897. Again, it will be noticed that the order of 
K s /Ro is the same as that of Ei/E . But for this fact we should have 
found larger differences between the values of pt s and 8 in the several 
thermometers. 

§ 48. The above table will, I think, be considered pretty conclusive 
as to the reality of the differences between the different thermometers. 
I shall, however, also give the results of the second method of attacking 
the problem, as they possess an independent interest. 

If two platinum thermometers differ only in the absolute resistance 
of their spirals, the difference may be ascribed to a definite portion of 
the wire forming the spiral of higher resistance. Thus, in such a case, 
the difference between the resistances should increase with the 
temperature in precisely the same way as the total resistance of 
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either thermometer. Consequently, if the platinum wire in the several 
thermometers were identical, the differences between the resistances of 
any two of them at the steam point and at the sulphur point — or the 
differences between any one and the mean of any two others — should 
bear to the difference of the resistances in ice constant ratios. And 
according to Table XIX the values of these two constant ratios should 
be approximately 1*387 : 1 and 2*631 : 1. 

Table XX shows what the ratios actually are in the cases examined. 
In treating K 6 I utilised only those observations in which the differ- 
ence between the leads could be allowed for. The meaning of the 
results will be rendered clear by an example. The mean of the differ- 
ences between corresponding observed values of Ei in K3 and K4 
during 1896 was 0*665, while the mean of the differences between the 
observed values of E was 0*405 ; the ratio of these two quantities is 
1*64, and it is given under the heading Ei/Eq. This is here used as an 
abbreviation for 

(Ei in K 3 less E L in K 4 ) -~ (E in K 3 less E in K 4 ). 

Table XX. 




Epoch. 


tK 6 -i(K 3 + K 4 ). 


HK 3 + K 4 )-K 7 . 


K 2 K5. 


K 2 — K 7 . 


Ej/Eq. 


EJEq. 


E s /E . 


EJEq. 

ft • 

• • 

1*23 


Eg/E . 


E^Eq. 


Es/E . 


189« 
1897 
1898 
1899 


1-63 
1-64 
1*67 


1-57 
1-58 
1-59 
1-57 


3-48 
3*51 
3'50 


• • 

* • 

1-90 


• • 

l'-36 


• • 
2*51 



In only one case, K 2 - K?, are the ratios even approximately equal to 
the mean values given by Table XIX, viz., 1*39 : 1 and 2*63 : 1. Even 
in that case the differences are too big to ascribe to experimental error, 
because the E of K 2 exceeds that of K7 by fully 4*5 box units. 

. E 2 
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In the case of K3 - K4, and of f-Ke - i(K 3 4- K 4 ), the differences of 
resistance at the ice point are only about 0*4 of a box unit; but the 
ratios are based on a considerable number of harmonious observations, 
and the smallness in their fluctuations from one year to another appears 
incompatible with any serious error. 

The only case in Table XX in which there is unmistakable change 
in the values of R1/R0 and R tS /E with the time is Ki - -|(K 3 + K 4 ). 
The change in this case is conspicuous, and supports, of course, our 
previous conclusion that Ki has undergone some alteration. 

§ 49. If we omit combinations containing Ki or K 2 , we notice a 
curious resemblance between the values of the ratios in the different 
cases, and this same similarity appears in other combinations of the five 
thermometers K 3 , K 4 , K5, K7, and K 6 (when multiplied by 0*4) which I 
have tried. We always get something pretty close to : — 

Ice point difference : steam point difference : sulphur point differ- 
ence : : 1 : 1*6 : 3*6. 

The phenomena presented by these five thermometers are thus pretty 
much the same as if their spirals consisted in the main of given equal 
lengths of identical platinum, with, in addition } variable lengths of a 
material whose temperature coefficient is higher than that of platinum. 
In this imaginary material the resistances at the ice, steam, and sulphur 
points would be approximately as 1 : 1*6 : 3*6. Another way of stating 
the fact would be that the changes in the resistance of the imaginary 
material due to temperature are about 1*56 times as great as in 
platinum. 

In addition we can closely reproduce the figures resulting from the 
comparison of K 2 with the other thermometers by supposing that K2 
has a smaller quantity of this imaginary foreign material than the 
others, but a larger quantity of pure platinum. 

The figures to which my calculations lead for the resistances at 0°, 
due to the foreign material and the pure platinum, are as follows, in 
terms of the mean box unit : — 

Resistance, Resistance, 

Thermometer . foreign material. platinum wire. 

K 2 £ £ + 5*150 

Kr ^ + 0*637 x 

K 4 ^+1*391 x 

K 3 £+1*783 x 

K 5 :. £ + 2*223 x 

Taking, for instance, the cases K 2 - K 5 and K 2 - K7 in 1899, we have, 
in mean box units — 
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I 
1 


Observed differences. j 

i 


Calculated differences. 


Ice 

point. 


Steam 
point. 


Sulphur i 
point. 


Ice 

point. 


Steam 
point-. 

3-586 
(6 -124) 


Sulphur 
point. 


1 

j j\.o —~* J\_r; • • 

j J\-2 ~~ i-»-7 • • 

! 


2-927 
4*513 


3 -604 
6 -124 


5-564 
11 -306 

i 


(2 -927) 
(4 -513) 


5-547 
11 -257 



The numbers enclosed by brackets were used in my original calcula- 
tion, so their coincidence with the observed values is without signifi- 
cance. The coincidences could have been improved by supposing that 
the amounts of pure platinum in K 3 , K 4 , K 5 , and K7 are only nearly 
and not absolutely the same, and by slightly altering the values 16/10 
and 36/10 assumed for the ratios borne by the resistances of the foreign 
material at the steam and sulphur points to the resistance at the ice point. 

That the above coincidences are purely accidental seems improbable, 
but what the real nature of the physical fact underlying the figures is, I 
do not know. 

Accuracy of the Observations. 

§ 50. It is difficult to say what is an equitable basis on which to dis- 
cuss the question. Presumably if the room containing all the appa- 
ratus were kept at a constant temperature, and a uniform source of 
current were employed ; and if arrangements were made for taking the 
bridge centre, for reversing the battery, and for interchanging the leads 
and proportional arms at every observation, a variety of sources of 
uncertainty affecting the Kew results would, be much reduced. To 
provide, however, for all possible interchanges must add to the cost of 
platinum thermometry, and tend to make observations more tedious. 
I am thus disposed to think that, except in the case of the most refined 
physical work, where apparatus is abundant and time and expense of 
relatively small account, the conditions are unlikely to be more favour- 
able, and will in general be less favourable, than those prevailing during 
the experiments at Kew Observatory. 

Under any circumstances a great deal may depend on whether it is, 
or is not, deemed essential to make a fixed point observation — either 
in ice or steam — immediately before or after each series of observa- 
tions. If a fixed point observation be not taken, we may presumably 
expect uncertainties in the calculated temperatures of the same order 
as the fluctuations observed at Kew in E or Ei ; while if a fixed 
point observation is taken, we may presumably expect, when mea- 
suring a steady temperature between 0° and 100° C, a similar degree 
of accuracy to that met with in the determinations of fundamental 
intervals in the present inquiry. 
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An idea of the degree of accuracy in the two cases is afforded by the 
two following tables. The first gives the observed values of E on the 
days of regular observation since Calibration IV was made ; the second 
gives the corresponding values found for the fundamental intervals. 
In the first table I give separately the values found when an allowance 
for the observed difference between the leads is omitted and applied. 



Table XXI. — -Observed Values of Eo- 



Date. 


Leads not interchanged. 


1899. 


Kx. 


Ivo. 


K 3 . 

257 + 
•874 
•833 

•814 
•845 


K 4 . Kg. 


lv 6 . 


K 7 . 


May 10 

June 27, 30, . 
July 10 .... 
Sep. 14, 15 . . 
Sep. 18, 19, 20 


257 + 
'761 
•693 
•706 
•672 
•693 


261 + 
•253 
•198 

•184 
•198 


257+ ! 258 + 
•495 : -295 
•435 : '274 
— -280 
•419 [ -276 
•445 | '286 


645 + 
•260 
•168 

•132 


256 + 
•715 

•677 

•674 
•699 



Date. 



1899. 



May 10 

June 27, 30. . 
July 10 .... 
Sep. 14, 15 . . 
Sep. 18,19,20 



K x . 



257 + 
•768 
•709 
•731 
•691 
•715 



Ko. 



261 + 
•260 
•214 

•202 
•220 



Leads interchanged. 



K s . 



257 + 
•881 
•849 

•832 
•86J 



K 4 . 


K 6 . 


K 6 . 


257 + 


258 + 


645 + 


•502 


•302 


•267 


•451 


— 


•184 


— 


•310 


— 


•436 


•295 


•146 


•460 


•303 


— — 




256 + 

•722 



•695 
•716 



Table XXII. — Observed Values of th Fundamental Interval (leads 

not interchanged). 



Date. 


Kj. 


K 2 . 


K 3 . 


K 4 . 


K 5 . 


i 

K 6 . 


* 


1899. 


99 + 


99 + 


99 + 


99 + 


100 + 


I 250 + 


99 + 


May 10, 11 


•712 


•863 


•936 


•652 


•197 


! -203 


•262 


June 27, 30 


•710 


•860 


•921 


•660 


•192 


| -148 


•253 


July 10 ... . 


•719 


■ — 


— 


— 


•186 


i 

l 


— 


Sept. 14, 15 


•701 


•849 


•918 


•655 


•171 


1 '162 


•254 


Sept. 20, . ., 




*~"~ ■"*■"* ■ 


*~~ — 





•196 


1 


— _ 



The data in Tables XXI and XXII are a very fair sample of the 
Kew results. They were taken during a time when the difference 
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between the leads did not vary much, so that the application of a cor- 
rection for this difference does not much improve the agreement between 
the results of different days. 

The value of B,o is conspicuously high on May 10 in all the ther- 
mometers. This was clearly not the fault of the ice, because, as 
Table XXII shows, the fundamental intervals found on May 10 were 
not below the average, but in fact rather above. Again, the cause can 
hardly have been error in the correction for temperature. For on 
May 10 the temperature was only very slightly above 20° C, while on 
the next occasion, June 27 — when the values of Ro we're . smaller — it 
was nearly 22° C. ; and if we may trust Dr. Harker's experiments, 
the temperature coefficient applied in the reductions is certainly not 
too low. 

Phenomena similar to those occurring on May 10 were by no means 
uncommon. 

§ 51. Additional information as to the degree of accuracy attained 
in determining the fundamental interval is afforded by Table XXIII. 
This gives the mean difference, irrespective of sign, between the indi- 
vidual results and their arithmetic mean for two epochs, viz., the year 
1896, and the period from September, 1897, to January, 1899. In the 
former epoch there were six observations with each thermometer, in the 
latter epoch from twelve to fourteen. 

Table XXIII. — Mean Departures of Fundamental Intervals from their 

Arithmetic Means. 



Epoch. 



1896 



September, 1897, to 
January, 1899 



K_. 


K 8 . 


K 4 . 
6-006 


K B . 


-4K 6 . 


K 7 . 


6 -015 


6-005 


6-007 


6-003 


o 


0*013 


0-006 


0-010 


— 


0-008 


0-015 



During the former epoch the original box with brass plug holes was 
in use, while during the latter epoch the plug holes were of fusible metal 
in Doulton ware. During the second epoch bridge centres were taken 
every day, and readings were always taken with the current both ways ; 
in the first epoch neither of these precautions was taken. Yet we see 
that the mean departures are almost all greater during the second epoch 
than during the first. This certainly does not point to any superiority 
in fusible metal as compared to brass, but quite the reverse. 

The size of the mean departures in K x is partly due to change in the 
fundamental interval, especially during the second epoch. 

The fundamental interval in K 6 , being 2*5 times as large as in the 
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other thermometers, has to be multiplied by 0*4 to render it comparable 
as an interval of temperature. 

§ 52. Particulars of the degree of accuracy attainable in determining 
pt s may also be of interest. In this case, of course, the uncertainty 
existing as to the true law of variation of the boiling point of sulphur 
with pressure should be borne in mind. Taking" all the observations 
made with K 2 , K 3 , K 4 , K5, and K7, excluding one with K 4 and the first 
three with K7 as probably faulty, and employing the Callendar-Grimths 
formula (10), I find for the average departure of individual values of pt s 
from their arithmetic mean the following results : — 

Table XXIV. — Average Departure of Values of pt s from their 

Arithmetic Mean. 



1 l K 2 . 


K 3 . 

24. 
±0-09 


-rr* 

K 4 . 


K 6 . 


K 7 . 


Number of observations. . . 6 

i 


21 

±0-07 


10 

±0*08 


12 

± 0-07 



The substitution of formula (17) for the Callendar-Griffiths formula 
reduces the average departures in the case of K 3 , K 4 , and K7 to ±0*07, 
±0*05, and ±0*05 respectively, but increases the mean departures in 
K 2 and Kg. 

Roughly speaking, the average departure from the mean in the case 
of pt s is nearly ten times as large as in the case of the fundamental 
interval. This, however, may partly arise from the fact that sulphur 
point observations were frequently taken on the day subsequent to that 
on which was determined the value of E used in calculating pt s . 



Improvements suggested in Apparatus. 

§ 53. The experiments have suggested various desiderata, which it 
may be well to summarise. 

1. It is desirable that some simple and more perfect method should 

be devised for eliminating the effects of changes in the relative 
resistance of the leads and the proportional arms. 

2. The temperature of the resistance coils and bridge wire should be 

exposed to much less uncertainty than in the Kew box, or else 
these resistances should be made of some material with a much 
smaller temperature coefficient than platinum silver. 

3. The bridge-wire scale is too much contracted for very exact work 

with thermometers of such low resistance as the ordinary Kew 
ones; it is desirable, if accuracy to 0°*001 C. is aimed at, that 
1 cm. of bridge wire should not answer to more than 0°*1 C. 
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4. If possible, the causes of wanderings in the bridge centre and of 

thermo-electric currents — not eliminated by the Griffiths key — 
should be removed. 

5. Unless the plug resistance uncertainties can be reduced, it would 

seem, desirable to increase the resistance inside platinum 
thermometers intended for very exact measurement of very 
slowly altering temperatures, such as occur in " fixed point " 
observations. 

6. Unless the heating effect of the current can be exactly ascertained 

and allowed for, the sensitiveness of the galvanometer should 
be largely increased, so as to render unnecessary currents whose 
heating effects will sensibly influence the readings. 

7. It is certainly desirable that the entire room containing the appa- 

ratus should be kept approximately at the temperature accepted 
as the standard temperature for the coils. At the same time 
it is not desirable that "the observer should be continually 
exposed to so high a temperature as 20° C. A temperature 
such as 62° F. is very much healthier, at least in winter, and is 
more bracing. There is no obvious reason why there might 
not be one standard temperature for winter and another for 
summer, so long as the temperature relations of the resistance 
coils are accurately known. 

Further Experiments Wanted. 

§ 54. I should like to see experiments made on the following points : — 

1. The true law of the variation of the boiling point of sulphur with 

pressure ; 

2. The behaviour of new platinum thermometers under a variety of 

conditions ; 

3. The effect of long or frequent exposures to temperatures extending 

from that of sulphur vapour to the highest temperature for 
which it is claimed that platinum thermometers are suitable ; 

4. The effect of exposure to low temperatures, such as are now attain- 

able by means of liquid air ; 

5. The degree of accordance in the results deduced by Callendar's 

formula from observations taken with different platinum 
thermometers — varying in their 8 — at two or three fixed 
temperatures differing considerably from that of sulphur 
vapour, these temperatures being obtainable with a degree 
of accuracy not inferior to that attained in sulphur point 
observations ; 

6. The cause of the curious phenomenon described in §§ 48 and 49. 

§55. The great majority of the observations on which this paper 
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depends have been made by Mr. W. Hugo, senior assistant at Kew 
Observatory, to whose care and exactitude the research owes a very 
great deal. The reduction of the observations is also mainly due to 
Mr. Hugo. In several of the special experiments Dr. J. A Harker 
has given valuable assistance, and various operations have been much 
facilitated by means of apparatus devised by him. The main work 
of checking the reductions and the various calculations requisite 
in discussing the observations have been done by myself. I have 
also taken a considerable number of observations, and in discussing 
the various sources of trouble I speak from personal experience, supple- 
mented of course by frequent exchange of ideas with Dr. Harker and 
Mr. Hugo. At various stages of the investigation I have had valuable 
advice and assistance from Professor Carey Foster and Mr. W. N. Shaw, 
to whom the initiation of the research is largely due. 

The original cost of the apparatus was partly defrayed by a grant of 
<£100 from the Government Grant Fund, and a contribution of £120 
was received last year from the Gunning Fund towards this and other 
cognate work undertaken by the Kew Observatory Committee. 



" A Comparative Orysfcallographical Study of the Double Selenates 
of the Series E 3 M(Se0 4 ) 3 ,6H 3 0. — Salts in which M is Zinc." 
By A. E. Tutton, B.Sc, F.RS. Eeceived March 5, — Eead 
March 15, 1900. 

(Extended Abstract.) 

In two communications to the Chemical Society,* the author 
presented the results of a detailed study of twenty-two salts of 
the series of monoclinic double sulphates E 2 M(S04)2,6H 2 0, in which 
E was represented by potassium, rubidium, and caesium, and M by 
magnesium, zinc, iron, manganese, nickel, cobalt, copper, and cadmium. 
The first of these memoirs dealt with the external morphology of the 
crystals, and the second with their internal physical properties. 

The present investigation refers to the less-known analogous double 
selenates, in which E is again represented by the alkali metals potassium 
(atomic weight 39), rubidium (atomic weight 85*2), and caesium (atomic 
weight 132*7). The work on the group containing zinc has been com- 
pleted, and the results are now communicated. Topsoe and Christian- 
sent included in their well-known investigation the potassium salt of 
the group. 

* ' Journ. Chem. Soc. Trans.,' 1893, vol. 63, p. 337, and 1896, vol. 69, p. 344. 
f ' Ann. de Chim. efc de Phys.,' 1874, p. 5. 



